Cloning and Identification of Chlamydomonas Reinhardtii Genes and Proteins Upregulated Under Low Carbon Dioxide Conditions. by Somanchi, Aravind
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1998
Cloning and Identification of Chlamydomonas
Reinhardtii Genes and Proteins Upregulated Under
Low Carbon Dioxide Conditions.
Aravind Somanchi
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Somanchi, Aravind, "Cloning and Identification of Chlamydomonas Reinhardtii Genes and Proteins Upregulated Under Low Carbon
Dioxide Conditions." (1998). LSU Historical Dissertations and Theses. 6791.
https://digitalcommons.lsu.edu/gradschool_disstheses/6791
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may be 
from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in reduced 
form at the back of the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6” x 9” black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly to 
order.
UMI
A Bell & Howell Information Company 
300 North Zeeb Road, Ann Aibor MI 48106-1346 USA 
313/761-4700 800/521-0600
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
NOTE TO USERS
The original manuscript received by UMI contains pages with 
indistinct print. Pages were microfilmed as received.
This reproduction is the best copy available
UMI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CLONING AND IDENTIFICATION OF CHLAMYDOMONAS REINHARDTII 
GENES AND PROTEINS UPREGULATED UNDER LOW CO, CONDITIONS
A Dissertation
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy
in
The Department o f Biological Sciences
by
Aravind Somanchi 
B.Sc., Nagaijuna University, 1987 
M.Sc., Nagaijuna University, 1990 
December 1998
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI Number: 9909833
UMI Microform 9909833 
Copyright 1999, by UMI Company. All rights reserved.
This microform edition is protected against unauthorized 
copying under Title 17, United States Code.
UMI
300 North Zeeb Road 
Ann Arbor, MI 48103
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGMENTS
First and foremost I am grateful to my advisor Dr. James V. Moroney for his 
support, guidance and patience during the time it had taken me to get to this stage. I 
thank him for the confidence he had shown in me and the encouragement he has 
provided during the years of apparent non productivity. I would like to thank the 
members of my committee, Dr. Sue Bartlett, Dr. Terry Bricker, Dr. David Longstreth, 
Dr. Thomas Moore and Dr. Norimoto Murai, for their advice and criticism regarding 
the project and the dissertation.
I would like to thank Ms. Cathy Mason for all the help during my stay in the 
lab. I could not have mastered the various molecular techniques I have used without 
the help of Dr. Zhi-Yuan Chen and Dr. Mark Burow, which I greatly appreciate. I 
would like to thank Chrissie O’Connor and Amanda Lavigne for their assistance for 
the project. The contribution of Eric Handley to my project (and those long hours 
spent discussing the world’s problems) was invaluable and I cannot thank him enough. 
I would like to thank the present and former members of the lab, particularly 
Dr. Mamta Rawat and Dr. Sergio Colombo for all the camaraderie and help in the lab.
I am deeply indebted to my friends and benefactors who have put up with me 
and my oddities for all these years. Their ability to lend a hand, an ear and a shoulder 
provided the much needed boost for my energy and confidence. I would not have 
come this far in my career without the encouragement of my parents, Dr. S. K Sarma 
and Mrs. Apama Devi, and my brother, Dr. Subbarao V. Somanchi. I am extremely 
grateful for their unconditional love and support.
ii
permission of the copyright owner. Further reproduction prohibited without permission.
TABLE OF CONTENTS
ACKNOWLEDGMENTS........................................................................................  ii
LIST OF TABLES....................................................................................................  v
LIST OF FIGURES..................................................................................................  vi
LIST OF ABBREVIATIONS................................................................................... viii
ABSTRACT................................................................................................................ ix
CHAPTER
1. LITERATURE REVIEW................................................................................... I
PHOTOSYNTHESIS - AN OVERVIEW.......................................................... 1
C4 PHOTOSYNTHESIS..................................................................................... 9
CYANOBACTERIAL CO, CONCENTRATING MECHANISM................. 11
CO, CONCENTRATING MECHANISM IN CHLAMYDOMONAS.............. 21
2. MATERIALS AND METHODS......................................................................  38
CELL CULTURE................................................................................................  38
RNA PURIFICATION........................................................................................  38
DNA PREPARATION, SEQUENCING AND HOMOLOGY
SEARCHES.................................................................................................... 40
cDNA LIBRARY SCREENING.......................................................................  41
NORTHERNS, SOUTHERNS AND DOT BLOTS..........................................  42
QUANTIFICATION OF THE TRANSCRIPTS..............................................  43
OTHER METHODS...........................................................................................  44
3. SCREENING FOR cDNAS UPREGULATED IN LOW CO, CONDITIONS 45
INTRODUCTION..............................................................................................  45
RESULTS ...........................................................................................................  46
DISCUSSION....................................................................................................... 59
4. EFFECT OF LOW CO, GROWTH ON THE ABUNDANCE OF LIGHT









Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6. CONCLUSIONS.................................................................................................  98
REFERENCES............................................................................................................  IO4
V ITA ............................................................................................................................ 122
iv
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF TABLES
Table 1.1 A summary of the previously characterized low CO, inducible
clones......................................................................................  30
Table 3.1 Summary of the newly identified cDNA clones upregulated in
low CO, conditions...................................................................49
Table 4.1 Initiation codons in C. reinhardtii nuclear genes............................... 76
V
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
Figure 1.1 C4 Photosynthetic pathway in higher plants: A simplified model... 10
Figure 1.2 A proposed model for CCM in cyanobacteria.................................  12
Figure 1.3 A proposed model for CCM in Chlamydomonas reinhardtii  23
Figure 3.1 Adaptation of high CO, grown cells to low CO,..............................  47
Figure 3.2 Northern blot analysis of G3PDH and RbcSl...................................  50
Figure 3.3 Screening o f the cDNA library for longer clones.............................  52
Figure 3.4 Northern blot analysis of 32 I 15 and 37 I 10..................................... 53
Figure 3.5 Sequence alignment of (3 CAs.............................................................  55
Figure 3.6 Northern blot analysis of 34 I 17 {Lei 3 ) ............................................. 56
Figure 3.7 Sequence o f Lei 3 clone....................................................................... 57
Figure 3.8 Northern blot analyses of Lei 3 mRNA expression...........................  58
Figure 3.9 Increase in mRNA abundance of Lei 3 when cells adapt to
low CO,.................................................................................... 60
Figure 3.10 Northern blot analysis of 17 I 1.......................................................... 61
Figure 3.11 Sequence alignment of 17 I 1 ............................................................  62
Figure 3.12 Northern blot analysis of 49 I 10.......................................................  63
Figure 3.13 Alignment o f 49 1 10 sequence with des6.......................................... 65
Figure 4.1 Northern blot analysis of LHCs........................................................... 70
Figure 4.2 Sequence of 22 I 3B clone.....................................................................73
Figure 4.3 Sequence of 20 I 1 clone........................................................................74
Figure 4.4 Multiple sequence alignment of LHC I proteins................................  75
vi
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4.5 Multiple sequence alignment of LHC I cDNAs...............................  77
Figure 4.6 Sequence of 16 I 10 clone....................................................................  79
Figure 4.7 Sequence of 19 I 1 clone......................................................................  80
Figure 4.8 Multiple sequence alignment of LHC II proteins..............................  81
Figure 4.9a Genomic southern analysis for LHC I genes...................................... 83
Figure 4.9b Genomic southern analysis for LHC II genes.......................................84
Figure 4.10 Increase in mRNA abundance of Lhcs when cells adapt to low
C O ,............................................................................................85
Figure 5.1 Northern blot analysis of 26 I 2............................................................. 90
Figure 5.2 Sequence of the clone, 26 I 2...............................................................  91
Figure 5.3 Sequence alignment of 26 I 2 with cytosolic pCyPs.........................  92
Figure 5.4 Western blot analysis of pCyP...............................................................94
Figure 5.5 Increase in mRNA abundance of pCyP when cells adapt
to low CO,................................................................................. 95
vii





CCM CO, concentrating mechanism
cDNA complimentary DNA
EZ ethoxyzolamide
G3PDH glyceraldehyde 3 phosphate dehydrogenase
HCR high CO, requiring
Lei low CO, inducible
LIP low CO, inducible protein
LHC light harvesting complex
ORF open reading frame
3-PGA 3-phosphoglycerate
PAGE polyacrylamide gel electrophoresis
PS photosystem
rbcs RuBisCO small subunit
RuBisCO ribulose-1, 5- bisphosphate carboxylase/ oxygenase
RuBP ribulose-1, 5- bisphosphate
SA-PMP streptavidin-paramagnetic particles
WT wild type
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
A mechanism that concentrates CO, in cells o f Chlamydomonas reinhardtii. is 
induced when cells are grown at low C 02 conditions. This mechanism increases the 
C 02 concentration at the site of RuBisCO, and thereby improves the efficiency of C, 
uptake and fixation. Cells adapting to low CO, show significant physiological 
changes. Few of the genes encoding proteins needed to produce these changes have 
been identified. A cDNA library has been constructed from C. reinhardtii to identify 
genes involved in these changes. The cloning and identification of several cDNAs that 
are upregulated under low CO, conditions are reported here. The possible roles that 
these cDNAs play in the C 02 concentrating mechanism are also discussed.
Two cDNAs induced at low CO, are carbonic anhydrases. These cDNAs show 
homology to p carbonic anhydrases from higher plants. The complete sequence of 
another cDNA, Lei 3, does not show homology to any known proteins. Increased 
abundance of the Lei 3 transcript suggests that it plays an important role in the CCM. 
Two other clones that are upregulated in low CO, conditions have been identified as 
PsaE and omega 6 desaturase.
Four other cDNAs upregulated under low CO, conditions code for proteins 
found in the light harvesting complex (LHC) family. A role in the energization of the 
CO, concentrating mechanism is proposed for these proteins. Lastly, a cDNA 
encoding a cyclophilin has been identified. Cyclophilins are a class of proteins with a 
cis /  trans prolyl isomerase activity. This is the first report of CO, concentration 
affecting the expression of a cyclophilin. Based on in vitro studies a role in the proper
ix
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folding of some o f the newly synthesized proteins induced under low C 0 2 conditions 
is proposed for the C. reinhardtii cyclophilin.
x
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CHAPTER 1 
LITERATURE REVIEW 
PHOTOSYNTHESIS - AN OVERVIEW
Photosynthesis is the process by which C 02 is fixed into carbohydrates while 
releasing 0 2 as a byproduct in most photoautotrophs. The primary enzyme 
participating in this process is ribulose -1,5- bisphosphate carboxylase/oxygenase 
(RuBisCO). RuBisCO catalyzes ribulose -1,5- bisphosphate and releases two 
molecules of 3-PGA, which enter the Calvin cycle as substrates for both regeneration 
of RuBP and the synthesis of sugar molecules. This cycle is driven by the energy 
input from the light-dependent reactions. Light energy is harvested at the reaction 
centers, resulting in a high oxidation potential, which is used to split water; 
concomitantly electrons are transferred across an electron transport chain of the 
thylakoid membranes, resulting in the formation of NADPH and ATP. There are four 
major protein complexes in the thylakoid membrane namely, two photosystems- PS I 
and PS II, a cytochrome b6f  complex and an ATP synthase (Grossman et al., 1995). 
Light driven electron transport takes place in the thylakoid membranes and carbon 
fixation takes place in the stroma of the chloroplasts.
Catalyzing the only reaction that results in net fixation of C 02, RuBisCO is 
arguably the world’s most abundant enzyme. RuBisCO also utilizes 0 2.as a substrate 
The competition of 0 2 at the active site is partially overcome by the differential 
specificities of RuBisCO for C 02 and 0 2 (Jordan and Ogren, 1981). Except in rare 
cases such as the enzyme from Rhodospirillum rubrum, RuBisCO has a higher 
specificity for C 02 than O,. In most higher plants at air levels o f C 02, three molecules
1
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of CO: are fixed for every molecule of O, fixed. When CO, is fixed, two molecules of 
3-PGA are formed. When 0 2 is fixed, one molecule of 3-PGA and one molecule of 2- 
phosphoglycolate are formed. This phosphoglycolate is rescued through the 
photorespiratory pathway, utilizing ATP and NADPH (Hartman and Harpel, 1994). 
Thus the process o f photosynthesis is limited by the high amounts of O, present in the 
atmosphere.
Several organisms have evolved mechanisms to overcome this limitation and 
reduce the energy consuming oxygenase reaction. They include C4 photosynthesis and 
Crassulacean Acid Metabolism (CAM), seen in many families of higher plants, and a 
CO, concentrating mechanism seen in some microalgae and cyanobacteria. The 
common tenet of these processes is to increase the relative concentration of CO, at the 
site of carboxylation. To this end RuBisCO is sequestered in a compartment and 
novel mechanisms are utilized to acquire CO, and deliver it to the location of 
RuBisCO. C4 photosynthesis proves to be a distinct advantage for plant species 
growing in climates with low water potential, high temperatures and high solar 
irradiance. Environments habituated by many photosynthetic bacteria, micro and 
macro algae show great fluctuations in concentrations of different gases. These 
organisms employ a mechanism of concentrating CO, only in CO, limited conditions 
(0.035% CO, in air). In many of these organisms this mechanism does not operate 
when high CO, conditions are prevalent. The focus of this dissertation is the CO, 
concentrating mechanism of the unicellular green alga Chlamydomonas reinhardtii.
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1. RuBisCO: Characteristics and regulation
RuBisCO is a large hexadecameric enzyme, containing eight large and eight 
small subunits and having a molecular mass of approximately 550 kDa (Andrews and 
Lorimer, 1987). The chloroplast genome encodes the large subunits (L) and they are 
synthesized on the chloroplastic ribosomes. The nuclear genome encodes the small 
subunits (S). In higher plants, the small subunits are synthesized in the cytoplasm. 
The small subunits of higher plants contain a leader sequence o f 56 amino acids on 
average, that directs these subunits across the chloroplast membrane through an ATP 
dependent transporter (Gutteridge, 1990). The assembly of the holoenzyme occurs in 
the chloroplast mediated by a chaperonin, cpn60 (Gatenby and Ellis, 1990).
RuBisCO is a very slow enzyme, with a turnover rate of 3-4 s 'compared to 104 
or 106 s'1 times for some enzymes catalyzing metabolic reactions. RuBisCO is 
activated by the formation of a ternary complex with CO, and Mg2*. A CO: molecule 
is bound covalently with the e-amino group of a lysine residue in the large subunit 
forming a carbamate. This carbamate is stabilized by the binding of Mg2*which results 
in the activation of this site. RuBP binds to such an activated site and undergoes 
deprotonation at the C3 position to form an ene-diol intermediate, which creates a 
nucleophilic center at the C2 position. Here, CO, and 0 , compete with each other for 
this nucleophilic center. Thus, there are no binding sites on the enzyme for either CO, 
or O,. The highly reactive nature of the ene-diol and its reactivity toward either of 
these two molecules results in the dual nature o f the enzyme.
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The characterization of a high C 0 2 requiring mutant of Arabidopsis thaliana 
showed low levels of RuBisCO activation in the light (Somerville et al., 1982). 
RuBisCO activase (Portis 1992; Andrews, 1996), a nuclear encoded stromal enzyme, 
was reported to be the biochemical lesion in this mutant (Portis et al., 1985; Salvucci 
et al., 1986). RuBisCO activase facilitates carbamylation of RuBisCO in the presence 
of RuBP (Salvucci et al., 1985). RuBisCO activase also has an ATPase activity that is 
utilized for ATP hydrolysis during RuBisCO activation. The free energy from this 
ATP hydrolysis may be used to shift the equilibrium of the activation reaction. The N- 
terminal portion of RuBisCO activase has been shown to be critical for promotion of 
the activation of RuBisCO, consistent with a possible role in interaction with 
RuBisCO. The C-terminus appears to have a regulatory effect on both RuBisCO 
activation and ATP hydrolysis (Esau et al., 1996). The elucidation of the catalytic 
mechanism of RuBisCO (Lorimer et al., 1981; Bahr and Jensen, 1978; Perchorowicz 
et al., 1982) suggested that RuBisCO activity is regulated by light. In vitro studies 
under conditions thought to exist in the stroma showed only 60% of the sites to be 
activated. These studies also showed that binding of RuBP to non-carbamylated sites, 
blocks formation of the ternary complex making the activation process quite slow. 
The activation state of RuBisCO in vivo seems remarkably insensitive to C 0 2 
concentrations considering its in vitro dependence on C 02 (Sharkey et al., 1982). This 
difference between the in vivo and in vitro sensitivity has been attributed to the activity 
of RuBisCO activase.
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The model proposed for the regulation of RuBisCO by activase (Portis, 1992) 
suggests that RuBisCO forms complexes with RuBP and XuBP in the dark. This 
prevents carbamylation, and hence prevents the activation. On exposure to light, the 
activase destabilizes the enzyme-RuBP/ XuBP complex and promotes the release of 
these sugar phosphates. Once the enzyme is thus freed, it is made available for 
carbamylation. Thus RuBisCO is activated for the subsequent catalytic activity.
2. Effect of COz on photosynthesis
Ambient air contains about 0.035% (350 parts per million) CO,. In terrestrial 
plants, CO, from the atmosphere has to enter the leaves through the stomatal pore, and 
traverse through the substomatal cavity, the intercellular spaces and enter the 
mesophyll cells to reach the site of carboxylation. Since CO, from the atmosphere has 
to diffuse to the carboxylation site o f RuBisCO, the efficiency o f carboxylation 
depends on the rate of CO, diffusion. The rate o f CO, diffusion in water is 104 times 
lower than in air. The chloroplast stroma of higher plant mesophyll cells has been 
shown to contain about 9pM CO, and about 250pM O, (Keys, 1986). The values 
of RuBisCO for CO, and O, are 8-25pM and 360-650pM respectively (Jordan and 
Ogren, 1983; Keys, 1986). Thus the concentration of CO, in C3 plants is close to the 
K™ of RuBisCO [(Kn, (CO,)~IOjiM)] for CO,. In aquatic environments, the 
concentrations of CO, and O, can vary from 0 and 500pM, respectively (Bowes and 
Salvucci, 1989). This indicates the variation in the concentrations o f CO, faced by 
aquatic photoautotrophic organisms.
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Studies in a variety of species showed that C3 plants had substantial dry matter 
gains when the concentration of C 02 was increased compared to the C4 plants grown 
in the same conditions (Akita and Tanaka, 1973). This suggests that many autotrophic 
organisms operate under conditions in which their photosynthetic rates are limited by 
the rate of carboxylation reaction. This suggests that the efficiency of carbon fixation 
by photosynthetic organisms may be improved by a RuBisCO that is catalytically 
more active (Andrews and Lorimer, 1987), by increasing the specificity of RuBisCO 
for CO: or by increasing the concentration of CO, accessible to RuBisCO. The lack of 
improvements in the catalytic activity and the specificity o f RuBisCO despite intense 
selection pressure suggests that this may require multiple and significant changes in 
the enzyme that were not favored by evolutionary mechanisms (Andrews and Lorimer, 
1987). The fact that mechanisms of concentrating C 0 2 have arisen at different 
instances during evolution might argue that these mechanisms probably provide a 
most cost-effective means of improving photosynthetic rates.
3. Carbonic anhydrases
Carbonic anhydrase is a zinc metalloenzyme that catalyzes the interconversion 
of CO, and H C 03\  This enzyme was first identified in human erythrocytes (Meldrum 
and Roughton, 1933). The reaction catalyzed by the enzyme is given below.
CO, + H20  <---- > H ,C 03<---- ► HCO/ + H~
CO, dissolved in H ,0 is hydrated forming H,C03 which dissociates to HC03 
and IT. The hydration and dehydration reactions are slow while the dissociation 
reactions are very rapid. The state of Cf in solution is pH dependent. Below pH 6.5 C,
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
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is mostly in the form of C 02. Above pH 6.5 but below pH 10 it is mostly in the form 
of H C03\  Above pH 10.5 it is mostly in the form of C 032. The CA-catalyzed 
interconversion of C 02 and H C03' has a turnover rate on the order of 106 s ' . Carbonic 
anhydrases have been identified in all animals, plants and photosynthetic bacteria that 
have been investigated. CAs probably arose at least three times during evolution as 
three different types of carbonic anhydrases have been identified so far: a-CA, p-CA 
and y-CA (Alber and Ferry, 1994; Badger and Price, 1994; Hewett-Emmett and 
Tashian, 1996).
The chloroplastic CA of higher plants is a p-type CA and is supposed to 
facilitate C, diffusion from chloroplast envelope to RuBisCO, where it is fixed in the 
form of C 02. In tobacco total CA activity has been reduced to 1% of wild type by 
antisense expression (Majeau et al., 1994; Price et al., 1994). However this inhibition 
did not affect net CO, fixation, RuBisCO activity, chlorophyll content, and stomatal 
conductance. However Kim et al. (1997) recently showed that antisense Arabidopsis 
thaliana plants with <10% CA activity did have repressed photosynthesis and reduced 
growth on ambient C 02. These studies indicate that carbonic anhydrase plays a role in 
facilitated diffusion in plants. Most CAs found in photosynthetic organisms are p CAs 
seen in the stroma, except for the a CAs in the periplasmic space of C. reinhardtii 
(Fukuzawa et al., 1990). Recently, p CAs were identified from the mitochondria of C. 
reinhardtii (Eriksson et al., 1996) and the cytosol of Solanum tuberosum leaves 
(Rumenau et al., 1996).
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In C4 plants, CA is present in the cytosol at the site of primary carboxylation. 
This enzyme converts the C 02 entering the cell to HC03 (Burnell and Hatch, 1988), 
which is then used as substrate by PEP carboxylase. In microalgae, several CAs have 
been well characterized. In C. reinhardtii, these CAs have been proposed to play 
several roles such as:
a) interconversion of CO, and HC03' at the periplasmic membrane (Fukuzawa et al.,
1990)
b) in the mitochondria (Eriksson et al., 1996) to recycle CO, lost during 
photorespiration,
c) in the thylakoid lumen (Karlsson et al., 1998) ensuring that HC03 ions are 
available to stimulate effective transport of electrons through PSII.
4. C 0 2 concentrating mechanisms
All the CO, concentrating mechanisms consist of the following components 
(Badger, 1987).
a) A mechanism to transport inorganic carbon species against a concentration 
gradient, across either the plasma membrane or the chloroplast envelope, or both.
b) A source of energy supply to drive this mechanism.
c) A mechanism to prevent CO, efflux to maintain the internal inorganic carbon pool.
d) The rapid inter-conversion of inorganic carbon species, CO, and HC03' both 
outside and inside the cells, catalyzed by carbonic anhydrases.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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C4 PHOTOSYNTHESIS
In this pathway found in some terrestrial plants, RuBisCO is limited to the 
chloroplasts of the bundle sheath cells. Inorganic carbon, in the form of HC03, is first 
fixed in these plants by phosphoenol pyruvate (PEP) carboxylase, which has a higher 
affinity for inorganic carbon than RuBisCO and no affinity for O,. This HC03 reacts 
with PEP in the mesophyll cells to form a four-carbon compound, oxaloacetate, which 
is converted into malate or aspartate. This four-carbon acid is then transported into the 
bundle sheath cells and decarboxylated. This release of CO, within the bundle sheath 
cells increases the internal concentration of CO,, which reduces the oxygenation 
reaction of RuBisCO to negligible levels. C4 plants show increased efficiency of the 
photosynthetic carbon reduction cycle (Hatch, 1987).
The suppression of oxygenase activity in C4 plants is attributed to the high 
concentration o f CO, maintained in the bundle sheath cells (Jenkins et al., 1989). 
Bundle sheath cells, which have thickened walls and prominent starch filled 
chloroplasts, have a low permeability to CO, (Jenkins et al., 1989). This allows a high 
CO, concentration to be maintained inside the bundle sheath cells by the rapid 
decarboxylation of the C4 acids. The CO, concentration in the bundle sheath cells has 
been estimated to be up to 70 (iM (Jenkins et al., 1989) which is about 9 times the 
concentration in mesophyll cells of C3 plants.
Thus carbon fixation in C4 plants is more efficient than in C3 plants. But the 
additional steps involved in carboxylation with PEP carboxylase, the transport of the 
C4 acid to the bundle sheath cells, decarboxylation and transport of the C3 acid




RuBisCO- PyruvatePEP < Pyruvate * 4
BUNDLE SHEATH CELLMESOPHYLL CELL
Figure 1.1 C4 photosynthetic pathway in higher plants: A simplified model.
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as substrate costs 2 additional ATP for each carbon fixed. This extra ATP is supplied 
by the light reactions. Thus C4 photosynthesis is seen in plants that grow in regions 
with no limitation of light.
CYANOBACTERIAL C 0 2 CONCENTRATING MECHANISM
The model for C, uptake in cyanobacteria proposed by Badger and Price (1994) 
is the currently accepted model (Fig. 1.2). Cyanobacteria show a basal level of 
concentrating CO, even at high CO, conditions. Under C, limiting conditions, the 
efficiency of concentrating CO, is increased from this basal level. The metabolic costs 
involved in this process are more than compensated for by the advantages provided by 
the mechanism (Raven and Lucas, 1985). When subjected to C, limitation (around 20 
-50 ppm CO,) they induce an enhanced level of CCM activity. This change is 
accompanied by increases in RuBisCO activity (Price et al., 1992). The nearly 20 fold 
decrease in (C.) is seen under low CO, due to increased affinity for HC03 
(Sultemeyer, 1995; Yu et al., 1994).
Inorganic carbon accumulates in the form of H C 03‘ to levels as high as 50 mM 
within the cytoplasm of the cells. The advantage o f accumulating HC03' is that its 
permeability across the plasma membrane is much less (up to 1000 fold) than that of 
uncharged CO, molecules. This Q transport system seems able to use both CO, and 
HC03 as substrates. The accumulated HC03' then diffuses through the highly 
proteinaceous shell of the carboxysome, where the carboxysomal carbonic anhydrase
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Carboxysome




c o 2 h c o 3
CA H C 0 3
c o * Na" h c o 3‘ HC° 3'
Figure 1.2 A proposed model for CCM in cyanobacteria
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
(CA) catalyzes its dehydration to CO, This leads to the elevated levels of CO, in the 
carboxysome, where RuBisCO is specifically located (Codd and Marsden, 1984).
1. Transport systems for C,
Transport of C, at the plasma membrane has been shown using the following 
techniques: a) silicone oil uptake studies (Miller and Canvin, 1985), b) mass
spectrometric analysis (Espie et al., 1988; Miller and Canvin, 1985; Miller et al., 1990; 
Badger and Price, 1992), and c) l4C-CO, fixation studies (Aizawa and Miyachi, 1986; 
Miller and Canvin, 1985). Gas exchange studies indicate that the cells accumulate C, 
in the light and release C, in the dark (Miller and Calvin, 1985; Tu et al., 1987).
The proteins involved in C, transport have not yet been isolated. Difficulty in 
obtaining CO, and HC03' transport mutants may indicate the presence of multiple 
transporters for CO, and H C03. Detection of Na* independent HC03 transport under 
extreme C, limitation (Espie and Kandasamy 1992), and a difference in magnitude in 
the requirement of Na* for HC03' transport versus CO, transport (Miller et al., 1990) 
suggest the presence of either a Na*/ HC03' symporter (Espie and Kandasamy, 1994) 
or pH regulation through Na*/H* antiport mechanisms.
Analysis of a mutant of Synechococcus PCC7942, M42, shows a reduced 
affinity for HC03\  The mutation has been shown to be in the gene cluster cmpABCD, 
which codes for a Na* independent, high affinity H C 03‘ transporter induced under low 
C, (Okamura et al., 1997). This belongs to the sub family of ABC (ATP binding 
cassette) transporters also known as traffic ATPases (Higgins, 1992). The presence of 
ABC-type transporters indicate that at high pH, the magnitude of the Na* motive force
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along with the Na' fluxes may not be enough to drive the HCOf / Na' symport. Under 
such conditions ATP may thus be the energy source for C, uptake. Evidence for the 
existence of multiple C, transporters in cyanobacteria include:
a) Difference in the onset of C 02 uptake versus HC03 uptake, indicating that these 
transport processes and their modes o f activation are different (Badger and Price
1992).
b) Physiological evidence for three types o f transporters: Na' independent HCOf 
transporter, Na' independent C 0 2 transporter and Na' dependent C 0 2 transporter.
c) Inactivation of cotA encoding a membrane protein leads to a specific effect on CO: 
uptake (Katoh et al., 1996). CotA appears to be a membrane protein involved in 
pH regulation (Katoh et al., 1996).
Data from studies with the membrane permeant inhibitor ethoxyzolamide (EZ), 
suggest that the primary pump was a C 0 2 pump that converted C 0 2 to HCOf during 
the transport step delivering HC03' within the cell. The transport of CO; and HCOf 
appears to be coordinately regulated.
2. Energization of C, transport:
C, uptake is tightly light dependent. Studies with inhibitors have implicated 
that PS I activity is essential for this uptake (Ogawa et al., 1985). This was confirmed 
by mutant studies within the genes coding for the various subunits o f the NADH 
dehydrogenase complex (Ogawa et al., 1991), where all the mutants required high CO: 
for growth. This complex is involved in the translocation of protons into the lumen 
providing a cyclic electron flow around PS I for generation of ATP. The ATP
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generated may then be utilized for energy demanding steps of this mechanism. A 
subunit o f the NADH dehydrogenase complex, NDH-1 has been shown to accept 
electrons directly from NADPH, hence NDH-1 also acts as an NADPH dehydrogenase 
(Mi et al., 1995). Inactivation of ndhF does not show any effect on C, transport 
(Schluchter 1993; Sultemeyer et al., 1997b). Inactivation of ndhF and ndhD inhibits 
C, transport specific to high affinity C 0 2 uptake (Sultemeyer pers. comm). The NdhC 
mutation has a small effect on C, uptake, while ndhB or ndhK or ndhL lesions result in 
dramatic inhibition of C, uptake (Ogawa 1992).
There are a number of ndh genes present as a single copy while ndhD and 
ndhF are present in multiple copies in Synechocystis genome. As both ndhD and ndhF 
form large core membrane components of NDH-1 (Weidner et al., 1993), it is likely 
that there are several NDH complexes which share the single copy genes but have their 
own specific ndhD and ndhF genes. This may also explain the double mutants being 
high C 0 2 requiring (HCR) phenotype and ndhF or ndhD mutants not showing any 
significant effect (Sultemeyer et al., 1997b).
PsaE protein also plays a role in C, uptake. It appears to be involved in an 
alternative type of cyclic electron flow around PS I (Yu et al., 1993). Inactivation of 
PsaE results in a HCR phenotype (Sultemeyer et al., 1997b).
* 3. RuBisCO localization and CCM
In cyanobacteria, a number of changes in the structure, localization and 
conformation of RuBisCO have been shown to cause high C 02 requiring mutants. 
Characterization of one of these high CO, requiring mutants shows that it contains a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
16
30 amino acid extension in the RuBisCO small subunit in cyanobacterial cells. This 
results in a RuBisCO that is incapable of packing into the carboxysome. In vitro 
analysis of this RuBisCO shows that it has the same K™ (C02) as the wild type enzyme 
(Schwarz et al., 1995). This suggests that the regular shape of RuBisCO is essential 
for its localization in the carboxysome and its ability to utilize the accumulated C, for 
photosynthesis. Another HCR mutant, her Mu28, (Friedberg et al., 1993) does not 
have any apparent carboxysomes. Immunolabeling studies demonstrated that 
RuBisCO was distributed throughout the her Mu28 cells, while in the wild type, 
RuBisCO was associated with the carboxysomes.
4. Role of the carboxysome in the CCM
Carboxysomes are proteinaceous, semicrystalline bodies surrounded by a 
proteinaceous membrane. C, is delivered into the cell in the form of HCO, and 
remains largely as H C 03' except in the carboxysome where CA maintains the HC03 i 
C 02 equilibrium (Badger and Price, 1992). C 02 leakage out of the carboxysome is 
prevented by two ways. A) The spatial arrangement of CA and RuBisCO in the 
carboxysomes (Reinhold et al., 1991), which dictates that the C 0 2 produced is 
efficiently fixed before it can escape to the cytosol. B) A special property of the 
carboxysome shell, which is proteinaceous in nature, possibly making it selectively 
permeable to HC03' and not to C 0 2.
The evidence for the role of the carboxysome in the cyanobacterial CCM 
consists of:
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a) Replacement o f Syticechocystis PCC 6803 RuBisCO with the RuBisCO from 
Rhodospirillum rubrum leads to the loss of carboxysomes (Pierce et al., 1989). 
Cell growth depends on the activity o f the structurally and functionally dissimilar 
foreign carboxylase. This mutant, dependent on a carboxylase with an inferior 
relative specificity for C 02 versus 0 2, is extremely sensitive to the C 02/0 2 ratio 
supplied during growth and is unable to grow at all in air. Studies indicate that this 
R.. rubrum RuBisCO is not packaged into the carboxysome.
b) The expression of a human CA in the cytoplasm of Synechococcus PCC 7942 cells 
results in a massive leakage of C 02 from the cells producing a HCR phenotype and 
implicating the carboxysomes as the site of C 02 elevation (Price and Badger, 
1989c).
c) Immunogold labeling shows RuBisCO resides in the carboxysomes (McKay et al.,
1993).
d) Mutations affecting the assembly and shape of the carboxysome produce several 
types o f HCR phenotypes (Badger and Price 1992; Kaplan et al., 1994) as given 
below.
i) Characterization of a Synechocystis mutant, containing a disruption in an 
ORF (ORF 272) led to the isolation of a carboxysomal CA and its gene product, icf A, 
also known as ccaA (Fukuzawa et al., 1992; Yu et al., 1992). This gene product has 
been shown to be important for Q fixation in cyanobacteria. This carboxysomal CA 
has significant sequence similarities to the chloroplast carbonic anhydrases (CAs) 
from pea, spinach and to the E. coli cynT gene product (Badger and Price, 1994).
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This carboxysomal CA (CcA) has been shown to be sensitive to EZ and co-localized in 
the carboxysome fraction with RuBisCO activity (Price et al., 1992). Mutants in the 
ccaA gene retain the ability for light dependent exchange of C, species, suggesting the 
presence of another CA possibly on the plasma membrane (Price et al 1992).
ii) A cluster o f 5 genes, ccm KLMNO have been shown to be involved in the 
correct assembly or functioning o f carboxysomes (Price et al., 1993; Badger and Price, 
1992; Kaplan et al., 1994). Several high C 02 requiring mutants have been isolated and 
characterized to have aberrant or no carboxysomes at all. These mutants have been 
analyzed and found to contain defects in the genes ccmA and ccmJ-O (Badger and 
Price, 1994; Ronen-Tarazi, et al., 1995). A high CO, requiring mutant, G7, of 
Synechocystis PCC 6803 has been shown to contain a defective ccmA (Ogawa, 1994). 
This mutant is capable o f C, transport but is unable to utilize the intracellular C, pool. 
The result indicated that the ccmA gene encodes a protein essential for the formation 
of carboxysomes. Inactivation o f the ccmJ gene (Ronen-Tarazi, et al. 1995), located 
upstream of rbcLS in Synechococcus PCC7942, resulted in a high C 02 requiring 
mutant, M3, which does not contain normal carboxysomes. M3 is able to accumulate 
C, within the cell at least as efficiently as the wild type but is defective in its ability to 
utilize the internal C, pool for photosynthesis (Ronen-Tarazi, et al., 1995). This 
suggests that the shell protein o f the carboxysome encoded by ccmJ is an important 
component of the CCM.
From the above results, it has been suggested that the carboxysomes play an 
important role in efficient C 0 2 utilization by cyanobacteria (Codd and Marsden, 1984;
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Reinhold et al., 1987; Badger and Price, 1994). The basic tenets of this model are that 
the carboxysome membrane is less permeable to CO, and that carbonic anhydrase and 
RuBisCO are located in the carboxysome. The H C03 that builds up to high levels in 
the cytosol as a result o f active transport is free to diffuse into the carboxysome where 
it is dehydrated to CO, by a carboxysomal CA and immediately fixed by the action of 
RuBisCO. This subcellular localization of RuBisCO would thereby provide a useful 
barrier to the diffusion of C 0 2 away from the enzyme.
S. Other genes and proteins involved in the CCM
Recent studies have shown that apart from the genes contributing to the 
carboxysome, RuBisCO and the NADH dehydrogenase complex, a number of other 
genes affect the C, accumulation mechanism in cyanobacteria (Price et al., 1998). 
These include:
a) RbcR The Synechocystis PCC 6803 genome contains two copies of the 
putative RuBisCO transcriptional regulator, rbcRl and rbcR2. Inactivation of 
rbcRl results in the loss of induction of the cmp operon at low CO, implicating 
RbcRl in transcriptional regulation (Omata, unpublished).
b) ic/G In Synechocystis the icfG gene has been implicated in the down 
regulation of C, uptake capacity. Expression of icfG is induced by addition of 
glucose, and it is required for the switch from photo autotrophic to photo 
heterotrophic growth (Beuf et al., 1994).
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c) SLR0143 This Synechocystis gene codes for a large protein with similarity to beta 
transducin like proteins. Inactivation o f this gene results in HCR phenotype with 
reduced affinity for uptake of C, (Bedu et al., 1995).
d) dcl4  In Synechococcus, dcl4  is predicted to code for a membrane protein 
with 9-10 membrane spanning domains. Inactivation of del4 results in HCR 
phenotype. It is speculated to be a Na” dependent HC03' transporter (Ronen- 
Tarazi et al., 1998).
e) cotA CotA is a membrane protein and a potential haem binding protein 
similar to chloroplast envelope protein CemA (Katoh et al 1996). Inactivation of 
this protein leads to reduced C, uptake and reduced H* extrusion during initial 
uptake phase. The mutant does not grow at low Na* conditions at neutral pH, but 
will grow at high pH even at low Na*. The role o f this protein has been speculated 
to be in the removal of H” accumulated inside the cell during Q uptake in the form 
of HCOj'.
f) ecaA The ecaA gene has been isolated from Synechococcus and Anabaena, 
and encodes an extracellular a  CA (Soltes-Rak et al., 1997). The ecaA transcript 
is present in cells grown under high CO, and is down regulated by growth at low 
CO,. Preliminary analysis of these mutants suggests that this protein plays a role 
in maintaining equilibrium levels of CO, and HC03\
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C 0 2 CONCENTRATING MECHANISM IN C H L A M Y D O M O N A S
The ability of unicellular green algae to grow as well under low CO, conditions 
as in high CO, conditions was first discovered by Osterlind (1950). Berry et al. (1976) 
proposed that unicellular green algae grown under low C, acquire the ability to utilize 
CO, more efficiently. To explain this a specific inducible CO, concentration 
mechanism (CCM) has been proposed (Aizawa and Miyachi, 1986; Badger and Price, 
1992). This ability to accumulate Q  is not seen in high CO, grown cells. The primary 
purpose of this CCM is to increase the CO, concentration at the location of RuBisCO. 
C, accumulation has been observed in many algal species including red algae (Bums 
and Beardall, 1987), diatoms (Coiman and Rotatore, 1995), marine green algae (Bums 
and Beardall, 1987; Beer et al., 1990) and cyanobacteria (Badger and Andrews, 1982). 
When grown under high CO, conditions (3-5% CO, in air) these organisms show low 
affinity for CO, and high rates of photorespiration. On adaptation to low CO, 
conditions (0.035% CO, in air), these organisms show high affinity for CO,, low rates 
of photorespiration and an ability to accumulate C, to concentrations much higher than 
the ambient. Studies indicate that this mechanism is unlike the mechanism seen in C4 
plants. The algal CCM is quite different from the cyanobacterial CCM, probably due 
to the fact that the prokaryotes contain only one set of limiting membranes, while in 
the eukaryotic green algae, there are two sets of membranes for C, to cross.
1. The proposed model
Several C 02 concentrating models have been proposed (Moroney et al., 
1986a; Moroney and Mason, 1991; Badger and Price 1994). Moroney and Mason
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(1991) proposed the model shown in the Fig. 1.3. The first step of the proposed 
mechanism involves a CA facilitated diffusion of C 02 across the plasma membrane, 
seen in C. reinhardtii and Chlorella saccharophila strains. When grown on low 
levels of C 02, these algae show high concentrations of CA located in their periplasmic 
space (Kimpel et al., 1983). In these cells, C 02 diffuses across the plasma membrane 
into the cytoplasm. In the cytoplasm, this C 02 is converted into HC03' by either an 
uncatalyzed reaction or in the presence of a cytoplasmic CA. This H C03 in the 
cytoplasm is then actively transported across the chloroplast envelope. Once inside 
the chloroplast envelope, H C03‘ diffuses to the pyrenoid, where the majority of 
RuBisCO is localized. In the pyrenoid another CA catalyzes the conversion o f H C 03 
to C 0 2 at the site of RuBisCO. This increase in the concentration of C 02 at the site of 
RuBisCO reduces the oxygenation reaction to negligible levels.
2. Physiological studies
Evidence for C 0 2 as the species crossing the plasmamembrane in C. 
reinhardtii comes from experiments using C 0 2 or HC03' as a substrate for fixation 
studies (Tsuzuki, 1983), the effect of external pH on CO, fixation (Moroney and 
Tolbert, 1985), and from the use o f impermeant inhibitors of CA (Moroney et al., 
1985). CO, fixation and C, accumulation were inhibited by membrane impermeant 
inhibitors of CA like acetazolamide (AZ) (Moroney et al., 1985). This suggests that 
H C 03' is not the Q species transported across plasmamembrane.











Figure 1.3 A proposed model for CCM in C h l a m y d o m o n a s  r e i n h a r d t i i
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Organisms growing in acidic conditions, such as C. saccharophila, take up 
only CO,, while those growing in basic conditions can take up both CO, and HC03 
(Beardall, 1981). Active transport of H C 03 across the plasma membrane has been 
suggested in the eukaryote Scenedesmus (Thielmann, 1990) and C, transport is not 
affected by inhibitors of periplasmic CA, which eliminates the need for CA at the 
periplasm. In fact such an active transport has been proposed in C. reinhardtii also 
(Sultemeyer et al., 1989). No evidence for such an active transport has been found as 
CO, or HC03' transport proteins at the plasma membrane have not been identified. 
The ability of isolated chloroplasts to concentrate CO, at low CO, conditions 
(Moroney et al., 1987; Goyal and Tolbert, 1988) strengthens the argument that active 
transport at the plasma membrane is the not the primary transport step for C,.
When grown under high CO, conditions, green algal cells show a (CO,) of 
20 pM (Moroney and Tolbert, 1985). Here these cells act like C3 plants, with large 
quantities of photorespiratory products. Upon adaptation to low CO, conditions, the 
Ko.s (CO,) reduces to about 2 pM, along with a significant decrease in the byproducts 
o f photorespiration. When low CO, grown C. reinhardtii cells were illuminated in the 
presence of NaH UC 0 3 they accumulated acid-labile l4C, as can be seen from silicone 
oil uptake studies. This indicates that there is an increase in the concentration of the 
intercellular Cr C, accumulation can be blocked by inhibitors of electron transport or 
photophosphorylation (Badger and Price, 1994; Berry et al., 1976), which indicates 
that light is the source of energy for the establishment and maintenance of this 
mechanism.
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3. C .  r e i n h a r d t i i  as a model organism for CCM studies
C. reinhardtii has long been used as a model system for studying 
photosynthesis, chloroplast biogenesis, and flagellar function and assembly. Some of 
the reasons for using C. reinhardtii as a model system are given below.
a) C. reinhardtii has been well characterized genetically and biochemically 
(Rochaix, 1995). A genetic map composed of 148 loci spread over 17 linkage 
groups is available.
b) It contains a small genome. The nuclear genome is estimated to be 1 x 108 bp 
(Harris, 1989) and the chloroplast genome is estimated to be 2 x 105 bp.
c) It has an inducible C 02 concentrating mechanism (CCM).
d) Transformation protocols have been developed for both chloroplast and nuclear 
transformation.
The first successful chloroplast transformation in C. reinhardtii was 
accomplished by bombarding cells with DNA coated tungsten particles using a 
particle gun was reported in 1988 (Boynton et al., 1988). The two important features 
of chloroplast transformation are that integration of the transforming DNA into the 
chloroplast genome occurs through homologous recombination and that several 
markers are available for selection or as reporters (Boynton and Gillham, 1993; 
Goldschmidt-Clermont, 1991; Sakamoto et al., 1993). This biolistic transformation 
method has provided new and important insights into the molecular mechanisms of 
chloroplast gene expression and into the function of chloroplast proteins.
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Nuclear transformation, first reported by Mayfield and Kindle (1990), takes 
advantage of genetically well characterized strains and cloned C. reinhardtii genes in a 
positive selection system. These genes are introduced into the genome by insertional 
mutagenesis. The marker genes that have been used so far include: nit /(Kindle et al., 
1990); arg 7 (Debuchy et al., 1989), ble (Purton et al., 1997) and cry I (Nelson and 
LeFebvre, 1995). Such random insertions facilitate tagging o f genes. A variation of 
this can be used for complementation studies (Funke et al., 1997; Karlsson et al., 
1998).
4. Analyses of mutants
A number of mutants that grow under high CO, conditions but grow poorly or 
not at all on low CO, conditions have been generated (Spalding et al., 1983a, b, c; 
Moroney et al., 1986b; Katzman et al., 1994). Those characterized to date are:
Cia 3: This mutant requires high CO, for growth (Moroney et al., 1987; Katzman et 
al., 1994). It synthesizes all the known low CO, inducible proteins. It over 
accumulates C( to some extent. Recent complementation studies indicate that a CA 
normally found in thylakoid lumen is missing in this mutant (Karlsson et al., 1998).
Cia 5: This mutant requires high CO, for growth (Moroney et al., 1989). It does not 
synthesize any of the low CO, inducible polypeptides. It does not accumulate 
inorganic carbon. Northern blot analysis shows that it does not make the mRNA for 
the periplasmic CA (Spalding et al., 1991).
Pmp 1: This mutant requires high CO, for growth (Spalding et al., 1983). It has been 
shown to synthesize all the low CO, inducible polypeptides except the 45 kDa and the
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42 kDa proteins (Moroney et al., 1990). It has been shown to accumulate C, but to 
levels lower than the wild type.
5. Strategies used in identifying the components of the CCM of C h l a m y d o m o n a s
The low frequency of homologous recombination events renders site directed 
mutagenesis of C. reinhardtii genes a virtually non-viable option (Kindle et al., 1989; 
Kindle, 1990; Rochaix, 1995) at this time. In light of this inability to inactivate 
specific nuclear genes, the elucidation of the components involved in the CCM has 
focussed on the characterization of proteins and genes responding to changes in CO, 
concentration. In C. reinhardtii, like many other algae, the CCM is inducible. When 
the cells adapt to low CO, they show a significant change in their affinity for inorganic 
carbon. This suggests that while inducing the CCM, these cells preferentially 
synthesize some new proteins from newly transcribed mRNAs. Two approaches to 
identify the components involved in this mechanism take advantage of the inducibility 
of this mechanism. One method involves the identification, purification, sequencing 
and characterization of newly synthesized polypeptides. The second involves the 
construction of a cDNA library using mRNA from low CO, adapted cells. This cDNA 
library could then be differentially screened for cDNAs induced or upregulated on low 
CO, conditions. The following sections describe the proteins and genes characterized 
using either or both of these strategies,
a) Low CO, inducible proteins
Based on physiological studies, it can be assumed that the proteins that are 
involved in this mechanism are induced or upregulated only on adaptation to low CO,
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conditions (Badger et al., 1980). In vivo labeling studies using ^SO.,2 demonstrated, 
that five polypeptides of molecular weights: 46, 44, 37, 36 and 20 kDa, are 
preferentially synthesized in C. reinhardtii growing under low CO, conditions 
(Manuel and Moroney, 1988). The 37 kDa polypeptide that is specifically induced by 
low CO,, and identified as a periplasmic CA (CA1) (Coleman and Grossman, 1984; 
Fukuzawa et al., 1990) has been shown to be required for the functional operation of 
CCM in C reinhardtii (Moroney et al 1985). Other proteins that have been identified 
include a 53 kDa polypeptide identified as an alanine aminotransferase (Chen et al., 
1996) and a 21 kDa polypeptide identified as a mitochondrial CA (Karlsson et al., 
1995). Absence of any of these polypeptides may be correlated to inability for growth 
under low C 0 2 conditions indicating that these polypeptides may play a role in the 
CCM. Analysis of mutants described in Section 4 shows that some high C 02 
requiring mutants may contain all the known low CO, inducible polypeptides. This 
suggests that there are other polypeptides, not yet identified, that play important roles 
in the CCM
The protein LIP-36 identified in the labeling studies and subsequently purified 
(Spalding and Jeffrey, 1989; Geraghty et al., 1990) has been localized specifically to 
the chloroplast envelope membranes (Mason et al., 1990; Ramazanov et al., 1993). 
LIP -36 may in part account for the different C, uptake characteristics observed in 
chloroplasts isolated from high and low CO, grown cells of C. reinhardtii (Moroney 
and Mason, 1991). It has been shown to be encoded by two genes and their sequences 
show homology to a carrier protein super family (Chen et al., 1996). LIP-36 appears
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to be localized to the chloroplast envelope membranes isolated from low C 02 adapted 
cells (Ramazanov et al., 1993). However, it has not been seen in the chloroplast 
envelopes isolated from high C 02 grown cells. The identities of the other two proteins 
(45 kDa and 42 kDa) are still not clear,
b) Low C 02 inducible genes
The synthesis of low CO, inducible proteins can be inhibited by transcriptional 
inhibitors like antimycin D or translational inhibitors like cycloheximide (Coleman 
and Grossman, 1984; Palmqvist et al., 1988). This suggests that cytoplasmic protein 
synthesis is required for the induction of the CCM. Based on this, a cDNA library 
from C. reinhardtii cells grown under high C 02 conditions and transferred to low CO, 
conditions for two hours was constructed. The library was screened differentially with 
probes made from mRNA isolated from high and low CO, grown cells. Six 
independent low CO, inducible classes of clones were identified (Burow and 
Moroney, 1993). One clone cross-hybridized with the CA gene (cah 1) (Fukuzawa et 
al., 1990). Some of the other classes of clones are similar to the mitochondrial CA 
(Karlsson et al., 1996), alanine aminotransferase (Chen et al., 1996) and LEP- 36 (Chen 
et al., 1997) (Table 1.1). Several other induced classes have not yet been 
characterized.
6. C h l a m y d o m o n a s  carbonic anhydrases
a) External CA
CA1 is located in the periplasmic space and has been identified as one of the 
prominent low C 02 inducible proteins in C. reinhardtii. The activity of this CA
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
30
Table 1.1 A summary o f the previously characterized low C 0 2 inducible clones
Clone mRNA size Identity References
11 I IB 2.0 kb Cah 1 Fukuzawa et al., 1990
3 I 1A 1.4 kb p CA I Eriksson et al., 1996
4 1 7 2.0 kb L IP 3 6 G 1 Chen et al., 1997
4 1 2 9 1.6 kb Ala AT C h en eta l . ,  1996
11 I 3 1.3 kb Lei I Burow et al., 1996
2 1 5 1.0 kb Lei 2 B u row eta l.,  1996
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increases significantly when the CCM is induced (Nelson et al., 1969; Coleman, 1991; 
Coleman and Grossman, 1984), and the absolute level of activity of the periplasmic 
CA appears to be more than that of the internal CA isoforms.
The periplasmic CA is encoded by two members of a gene family which are 
highly homologous and termed Cahl and Cah2 (Fujiwara et al., 1990; Fukuzawa et 
al., 1990). These encode 41.6 kDa polypeptides that undergo proteolytic cleavage and 
glycosylation to yield a 4.2 kDa small subunit and a 37 kDa large subunit (Coleman, 
1991; Husic et al., 1991). This periplasmic CA shows more homology with animal 
CAs than with higher plant CAs (Fukuzawa et al., 1990). The overall amino acid 
homology of this CA to the animal CAs is only about 20%, but the sequence 
homology around the zinc binding active site of the large subunit is greater. The gene 
product for cah2 was also purified and characterized (Rawat and Moroney, 1991; 
Tachiki et al., 1992). The expression of the Cahl and Cah2 genes, in C. reinhardtii 
appears to be regulated differently (Fujiwara et al., 1990; Fukuzawa et al., 1990). The 
Cahl mRNA transcript levels increase when cells are transferred to low CO, and this 
increase is stimulated by light (Coleman 1991; Coleman and Grossman, 1984). On the 
other hand Cah2 mRNA levels decrease under low CO, conditions and increased in 
the dark.
The induction of Cahl is inhibited by the addition of DCMU, an electron 
transport inhibitor, during adaptation to low CO,, implying that active photosynthesis 
may be needed for induction (Fukuzawa et al., 1990; Dionisio et al., 1989a). Studies 
of adaptation to low C 0 2 conditions in synchronized cells (Rawat and Moroney, 1995)
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demonstrated that light is not required for the expression of Cahl. These cells showed 
that there was an increase in the CA activity and the cells’ apparent affinity for C,. A 
time course northern analysis shows that the Cahl transcript appears just before the 
onset of the light cycle. Chlorella vulgaris has also been shown not to require 
photosynthesis for the induction of CA.
The ability of microalgal cells to use external HC03' for photosynthesis has 
been correlated with the presence of periplasmic CA. The presence of external CA 
inhibitors affects the efficiency with which external C, was used for photosynthesis 
decreased significantly (Moroney et al., 1985). Periplasmic CA probably increases the 
efficiency with which the cells can access external C,. This includes both the supply 
of CO, for diffusion across the plasma membrane and the supply of the plasma 
membrane HC03' transport system,
b) Internal CAs
In C. reinhardtii, immunological and mass spectrometric assays have detected 
the presence of both cytosolic and chloroplastic CA activities (Husic et al., 1989; 
Moroney et al., 1987b; Sultemeyer et al., 1990). The cytosolic CA is large in size 
(110 kDa), very sensitive to sulfonamide inhibitors, and is antigenically distinct and 
soluble in nature (Husic et al., 1989; Sultemeyer et al., 1990). Mass spectrometric 
measurements by Sultemeyer et al. (1995) and Amoroso et al. (1996) suggest the 
presence of three intercellular CAs. They have observed one chloroplastic membrane 
associated activity, representing the thylakoid CA; one extra-chloroplastic activity, 
reflecting the mitochondrial CA; and one soluble chloroplastic activity.
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i) Chloroplastic CAs
The first direct evidence of C, uptake by isolated chloroplasts was provided by 
Moroney et al., (1987a) using chloroplasts isolated from C. reinhardtii. They have 
shown that chloroplasts isolated from air grown cells could accumulate C, to a greater 
extent than chloroplasts isolated from high C 02 grown cultures. This uptake was light 
dependent and inhibited by electron transport uncouplers or inhibitors (Moroney et al., 
1987a; Sultemeyer et al., 1988).
A chloroplast CA has been proposed based on the studies of a high CO: 
requiring C. reinhardtii mutant (ca 1) that appears to be defective in an internal CA 
activity (Spalding et al., 1983a). Katzman et al., (1994) demonstrated that isolated 
intact chloroplasts from C. reinhardtii retained most of the intracellular CA activity 
found in that alga. They also demonstrated that chloroplasts isolated from the high 
CO, requiring mutant cia-3 cw 15 lacked this chloroplast CA activity (Katzman et al., 
1994). The C. reinhardtii mutants deficient in this internal CA overaccumulate C, 
(Manuel and Moroney, 1988; Moroney et al., 1987b; Spalding et al., 1983a). 
Ethoxyzolamide, a membrane permeant inhibitor of CA, also causes overaccumulation 
(Moroney et al., 1987b; Spalding et al., 1983a). These observations indicate that the 
role of this CA is the dehydration of accumulated HC03" and not the direct 
accumulation process.
An intracellular CA was isolated and purified from a cell wall less strain of 
C. reinhardtii (Karlsson et al., 1995). This CA has a molecular weight of 29,500 and 
can be inhibited by acetazolamide (AZ) and shows homology to the a  type CAs
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
34
observed in animal species. The cDNA (Cah3) encoding this 29.5 kDa intracellular 
a type CA has been cloned and sequenced (Karlsson et al., 1998). This cDNA is 1383 
bp long and has an ORF coding for 310 amino acids. The deduced amino acid 
sequence of the Cah3 shares 30-40% identity with other a  type CAs. Utilizing 
specific antibodies raised against the 29.5 kDa Cah3 protein, Karlsson et al. showed 
this protein to be associated with the thylakoid membrane. Sequence analyses shows 
significant similarity with presequences characterized to direct translocation of 
proteins to the thylakoid lumen.
A northern blot analysis of C. reinhardtii RNA using the Cah3 cDNA as a 
probe shows there is an increase in the abundance of the transcript under low COz 
conditions. The cah3 gene has been used to complement the high CO: requiring 
mutant, cia 3 cw 15 (Karlsson et al., 1998). The transformants regained the 
intracellular CA activity. This indicates that the mutation in cia 3 is in the gene 
encoding for the same CA present in the thylakoid lumen. It has been proposed that 
this CA plays a role in the conversion of actively transported HC03' into C 02 in the 
thylakoid lumen. This C 02 could diffuse back to the stroma enhancing CO, fixation 
(Pronina and Semenenko, 1980; Raven 1997; Karlsson et al., 1998; Chen and 
Moroney, 1998).
ii) Mitochondrial CA
Studies o f mitochondria indicate that a 22 kDa polypeptide is seen only in low 
CO, grown cells (Eriksson et al., 1996). Screening of a cDNA library for a cDNA that 
encodes this polypeptide resulted in the identification of two distinct cDNAs (Eriksson
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et al., 1996; Somanchi, chapter 3). Northern blot analysis suggested that both these 
mRNAs are present only under low CO, conditions. Sequence analyses of both these 
cDNAs shows that they have high homology to the |3 type CAs seen in higher plants. 
The two cDNAs are 90% identical in their nucleotide sequence and there is only one 
amino acid difference in their coding sequence. The presence of most of the highly 
conserved amino acids among (3 CAs including the three putative zinc liganding 
residues (Bracey et al., 1994) suggest that mtCA is an active isozyme of this CA 
family.
The increased abundance of the Cah3 transcript or its protein product is 
dependent on light intensity. But the quality o f light was not as critical in the 
expression of pCA as in the case of a CA (Eriksson et al., 1997). The expression also 
follows a circadian rhythm. The suggested roles for this mitochondrial CAs include 
functioning as a pH stabilizer to prevent alkalinization of the mitochondrial matrix 
during photorespiration, or involvement in the diffusion, transport and efflux of 
inorganic carbon species within and from the mitochondrial matrix.
7. Pyrenoid, RuBisCO localization and its role in CCM
A structural equivalent of the carboxysome is found in some microalgal 
chloroplasts in the form of the pyrenoid body. It is a large protein complex found 
within the chloroplast sometimes surrounded by a sheath of carbohydrates such as 
starch, amylose or paramylon (Gibbs, 1962; Okada, 1992). Cryofixation and 
immunogold studies have indicated that the pyrenoid in low CO, grown cells contains 
almost 90% of the RuBisCO (McKay and Gibbs, 1991; McKay et al., 1991; Morita et
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al., 1997; Borkshenious et al., 1998), indicating that the pyrenoid is the location of 
CO, fixation. It has also been shown that under high CO, conditions, only 50% of the 
RuBisCO is found in the pyrenoid.
In C. reinhardtii, a rapid formation o f the starch sheath has been observed in 
response to low C 0 2. The formation o f the starch sheath around the pyrenoid 
correlates well with the induction of the CCM in C. reinhardtii (Ramazanov et al.,
1994). Pyrenoid starch sheath formation is partly inhibited by the presence of acetate 
in the growth medium under light and low CO, conditions. When cells are grown with 
acetate in the dark, the CCM is not induced and the pyrenoid starch sheath is not 
formed even though there is a large accumulation of starch in the chloroplast stroma. 
When cells are grown in low CO, conditions in the presence of the CA inhibitor 
ethoxyzolamide (Ramazanov et al., 1996) the pyrenoid starch sheath is not formed. In 
some high CO, requiring C. reinhardtii strains, pyrenoid starch sheath formation is 
partly inhibited or absent. These observations suggest that the ultrastructural 
reorganization o f the pyrenoid starch sheath, under low CO, conditions, may play a 
role in the CCM in C. reinhardtii, similar to the carboxysome in cyanobacteria 
(Borkhsenious et al., 1998). The available evidence indicates that the pyrenoid is the 
place where RuBisCO is primarily sequestered under low CO, conditions. It also 
suggests that the RuBisCO is specifically mobilized or relocated to the pyrenoid 
during adaptation to low CO, conditions. The activity of the chloroplastic CAs 
ensures that the concentration of CO, within the pyrenoid is higher than the ambient 
allowing preferential carboxylation reaction of RuBisCO.
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8. Objectives of the project
The review of the CO, concentrating mechanism in C. reinhardtii shows that 
despite the identification of several genes and proteins involved in this mechanism, the 
elucidation o f this mechanism is far from complete. Questions regarding the nature of 
the CO, / H C 03' transporter, the nature of the CO, sensor, the source of energy for the 
mechanism, and the nature and role of the different proteins identified are still 
unanswered. Identifying other genes and proteins involved in this process may 
contribute toward answering the above questions and understanding o f this 
mechanism. Taking advantage of the inducible nature of the mechanism in 
C. reinhardtii a cDNA library was constructed using mRNA from cells adapting to 
low CO,. The objective of this dissertation work was to differentially screen the 
cDNA library for cDNAs that are induced or upregulated under low CO, conditions. 
The dissertation is the report on my efforts to clone, identify and characterize genes 
and proteins involved in the CO, concentrating mechanism, using the above stated 
approach.




Wild type C. reinhardtii 137* was obtained from Dr. R.K. Togasaki, of Indiana 
University, Bloomington. Cells from yeast acetate medium plates, were inoculated 
into 100 mL of Tris-Acetate-Phosphate medium (Sueoka, 1960) and grown with 
continuous shaking and light (300 nmol m 2 s'1) for two days. An aliquot of the 
culture was then transferred to 1.5 L of minimal medium (Sueoka, 1960) and bubbled 
with high C 02 (5% CO, in air) until it reached a cell density o f about 2 x 106 cells / 
mL. The culture was diluted with an equal volume o f fresh medium and split into two 
flasks. One was bubbled with high CO, and the other with low CO, (0.035% CO, in 
air). The time of low CO, adaptation varied from 2 to 12 hours. The high CO, and 
low CO, adapted cells were used for RNA isolation, measurement of chlorophyll 
content, measurement of O, evolution and western blots.
For O, evolution measurements, cells were harvested, washed twice with fresh 
medium, and resuspended in 25 mM HEPES-KOH (pH 7.3) prior to measurement. 
For western blots, harvested cells were washed with 5 mM HEPES-EDTA (pH 7.5) 
buffer, the chlorophyll content was estimated, and 50 pg of each was used.
RNA PURIFICATION
All the glassware used was either baked at 180 °C overnight or soaked with 
diethyl pyrocarbonate (DEPC)-treated distilled water and autoclaved for two hours. 
Total RNA was extracted from C. reinhardtii using standard procedures (Sambrook et
38
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al., 1989). Cells from two liters of culture were harvested and resuspended in 10 mL 
of DEPC-H20  in a 150 mL Corex tube. To this, 20 mL of 2X lysis buffer (100 mM 
Tris-HCl pH 8.0, 3 M NaCl, 30 mM EDTA pH 8.0, 4% SDS; made with DEPC-H,0 
and autoclaved for 1 hour) and I mg proteinase K (10 mg/mL) was added. The tube 
was gently stirred at room temperature for 20 minutes. The cell lysate was extracted 
three times with phenol/chloroform/ isoamyl alcohol (25:24:1) and once with 
chloroform. After centrifugation at 5500 rpm for 10 minutes, the supernatant was 
transferred to a clean tube to which an equal volume of isopropanol was added. The 
tube was kept at -20° C overnight and the RNA was collected by centrifugation at 
15000 g for 20 minutes at 4° C. After the RNA pellet was washed once with 80% 
ethanol and air dried for several hours, it was dissolved in 4 mL of DEPC-treated 
water. To this, 12M LiCl was added to a final concentration of 2.5 M, and the RNA 
was precipitated overnight at 4°C. RNA was collected by centrifuging at 15,000 g for 
20 minutes at 4° C. After being washed as above, dried, and resuspended in 6 mL of 
DEPC-water, the RNA was re-precipitated by adding 2.5 volumes o f ethanol at -20° C 
for 4 hours. The recovered RNA was then washed, and air dried, and resuspended in 
1 mL of DEPC-water. All RNA samples were aliquoted (10 ng/tube) and stored at 
-70° C.
Messenger RNA (poly A*) was purified from total RNA using a mRNA isolation 
system (Poly AT tract, Promega, Madison, WI) using the manufacturer’s protocol. 
Total RNA or mRNA concentrations were estimated by absorbance at 260 nm, using 
the conversion OD260 of 1.0 = 30 ng of RNA. For a timecourse northern, RNA was
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extracted from cells adapting to low CO, for 0 hour, 30 minutes, 1 hour, 2 hours, 
4 hours and 12 hours. RNA was also extracted from cultures left on high CO, for 
4 hours and 10 hours.
DNA PREPARATION, SEQUENCING AND HOMOLOGY SEARCHES
Plasmid DNAs were prepared by a variation of the alkaline extraction method 
(Sambrook et al., 1989) and purified using Glassmilk (Bio 101, Vista, CA), or spin 
columns from a commercial kit (QLAGEN, Chatsworth, CA). For cyclic sequencing, 
the plasmid DNAs were prepared using Qiagen spin columns from 2 mL of overnight 
culture according to the manufacturer’s instructions. Three to five ug of purified 
DNA was used as a template for dideoxy sequencing using the Perkin Elmer 
Amplicycle kit according to the manufacturer’s instructions. Two pL o f ddNTP were 
added to a set of 4 tubes labeled with A, G, C, T, the tubes were kept on ice. The 
following components were mixed in a separate tube: plasmid DNA (about 300 ng), 
1 pL of 10 mM primer, lpL of 35S-dATP (DuPont NEN, Boston, MA), 3.3 pL of 10 X 
cycling mix, 0.3 units of Tfl DNA polymerase (Epicentre, WT), and water to 25 uL. 
Six pL of the above mixture was dispensed to each of the four tubes. The tubes were 
gently flipped and the liquid was overlaid with mineral oil. The following PCR profile 
is used: 30 cycles at 95° C for 1 minute, 55° C for I minute, and 72° C for 1 minute. 
Full length sequencing of both strands of the cDNA clones was performed at the 
Macromolecular Resources Facility at Colorado State University, using M l3 forward 
and reverse primers and novel internal primers. Homology searches were done using 
BLAST from NCBI (Altschul et al., 1990).
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cDNA LIBRARY SCREENING
The cDNA library was synthesized using mRNA extracted from cells grown on 
5% CO, but switched to low C 02 for two hours, using the Stratagene Uni-ZAP II kit 
(Stratagene, La Jolla, CA) (Burow et al., 1996). About 5 pg of mRNA, isolated from 
C. reinhardtii cells adapted to low C, conditions as described in Burow et al. (1996) 
was used. This mRNA was reverse transcribed to produce double stranded cDNA. 
For the first screen, 50 pL o f 1:40,000 diluted cDNA library was used to plate on each 
150 mm petri dish, which usually gives about 3000 plaques. Plaques were transferred 
to two sets of nitrocellulose filters. For each individual screening, 10 to 15 plates were 
used. Hybridization with gene specific probes was performed at 42° C in 6X SSC, 5X 
Denhardt’s, 0.5% SDS, I mM EDTA, 100 pg/mL fish sperm DNA and 50% 
formamide solution for 48 hours. The filters were washed at 55° C for at least 1 hour 
in each wash solution with decreasing ionic strength, starting from 2X SSC + 0.1% 
SDS, to 0.2X SSC +0.1% SDS. The positive plaques selected from the first screen 
were replated at low densities and rescreened with the same probe at the same 
conditions to obtain pure positive clones.
For differential screening of the library, one pg of mRNA each from cells 
grown at 5% CO, or 350 ppm CO, was reverse transcribed and the 32P-dCTP labeled 
first strand cDNAs were used to probe the filters. Plaques containing phage harboring 
inserts that appeared to be upregulated at 350 ppm CO, were isolated, replated and 
rescreened. The second set of plaques, were then screened by dot blotting. Phagemids 
were rescued from the X ZAP containing inserts upregulated at low CO, by in vivo
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excision according to the manufacturer’s instructions. Plasmids of interest were 
selected based on restriction analyses and northern hybridizations. The clones 
showing upregulation in low CO, were selected for full-length sequencing and further 
characterization.
NORTHERNS, SOUTHERNS AND DOT BLOTS
Hybridization and washing were performed using standard northern procedures 
(Sambrook et al., 1989). For northern blot analysis, the RNA samples were treated by 
mixing 5.5 \iL of total RNA (10 ^g), 1 pL o f 10X MOPS buffer, 3.5 pL of 
formaldehyde, and 10 pL o f formamide. These RNA samples were incubated at 65° C 
for 15 minutes and snap chilled for 3 minutes on ice and mixed with loading buffer 
(50% glycerol, ImM EDTA, (pH 8.0), 0.25 % bromophenol blue, 0.25% xylene 
cyanol). In each gel with RNA from high CO, and low CO, adapted cells samples 
were run in duplicate. The denatured RNA was resolved on a 1.0% agarose/6% 
formaldehyde gel (gel running buffer; IX MOPS, 6% formaldehyde; 10X MOPS gel 
running buffer; 0.2 M MOPS pH 7.0, 80 mM sodium acetate, 10 mM EDTA. The gel 
was soaked overnight in DEPC treated distilled water and transferred to a 
nitrocellulose membrane (BA-S 85, Schleicher & Schuell). For time course northerns, 
10 pg of total RNA extracted from each time point was resolved on a 6% 
formaldehyde gel.
For Southern hybridizations, 0.1 pg plasmid DNA or 1 pg genomic DNA 
digested with appropriate restriction enzymes was used. Restriction fragments were 
separated on an 0.8% 0.8% agarose gel. These gels were then soaked in 0.2 N HC1,
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denatured in 0.5 M NaOH and 1.5 M NaCl, neutralized in 1.5 M NaCl and 0.5 M 
Tris-HCl pH 7.5, and blotted onto a nitrocellulose membrane. Phage for dot blots 
were obtained by spotting the k  phages on NZCYM plates which were then overlaid 
with 100 pi of XL 1 Blue cells (O.D.260 =1) in top agarose and incubated at 37° C. The 
plaques that formed were then transferred onto nitrocellulose filters, which were 
denatured and neutralized as mentioned above. After neutralization the nitrocellulose 
filters or membranes were baked at 80° C for 2 hours.
32P labeled probes were made by random priming (Ausubel et al., 1987) of the 
DNA fragment using Klenow fragment of DNA polymerase (New England Biolabs). 
For screening the cDNA library probes were made by reverse transcription. The 
mRNA from induced and induced cells was reverse transcribed using Superscript II 
reverse transcriptase (Gibco BRL) in the presence of 32P-dCTP to make radiolabeled 
probes. After incubation with the labeled probe for 36 hours at 43° C, in 6X SSC, the 
filters were washed at 55° C for at least 1 hour in each wash solution with decreasing 
ionic strength, 2X SSC + 0.1% SDS, through IX SSC + 0.1% SDS, to 0.2X SSC +
0.1% SDS.
QUANTIFICATION OF THE TRANSCRIPTS
The northern blots containing RNA from different time points since the cells
have been switched to low CO, conditions were exposed to a phosphoimager screen 
and scanned using a STORM (Molecular Dynamics). The scanned images were 
viewed using Image Quant (Molecular Dynamics) software. The data obtained was 
quantified using the volume report feature in the software. For this calculation, the
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background value is subtracted from the intensity o f each pixel in the object, and then 
all the values are added. This integrated intensity o f  the pixels in the spot is given in 
the volume report as counts (x 103) which is proportional to the number of 
disintegrations of 32P in a band.
OTHER METHODS
Photosynthetic CO,-dependent 0 2 evolution was measured in a Rank Brothers 
(Cambridge, UK) O, electrode (Badger et al., 1980; Moroney and Tolbert, 1985). 
Chlorophyll concentrations were determined spectrophotometrically after extraction 
with 100% methanol.
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CHAPTER 3 
SCREENING FOR cDNAS UPREGULATED IN LOW COz 
CONDITIONS
INTRODUCTION
Chlamydomonas reinhardtii synthesizes several polypeptides during 
adaptation to low CO, conditions. To elucidate the components involved in the 
mechanism of this adaptation, a cDNA library has been synthesized using mRNA 
from cells grown on high C 02 conditions and switched low C 0 2 conditions (Burow 
and Moroney, 1993). The cDNA library containing 350,000 primary plaques has been 
screened for differential expression in response to the change in C 02 concentration. 
To this end, the library has been probed with cDNAs made from mRNA of cells 
grown on high CO, and mRNA of cells that have been adapted to low C 02. About 
425 clones showed preferential hybridization to the probe from low C 02 adapted cells.
Cross hybridization studies showed that about 50 of these clones are similar to 
a single clone 3 I 1 A. Apart from the 3 I 1A clone, five other classes of clones have 
been identified in previous studies (Burow et id, 1996; Chen et al., 1996a; Chen et al., 
1996b; Eriksson et al., 1996). These six non cross hybridizing classes were tested for 
induction under low CO, by dot blot hybridization to total RNA from cells in high 
CO, and low CO, (Burow et al., 1996) and showed upregulation under low CO, 
conditions. Other than the above six classes of clones, 225 other cDNAs were scored 
as positives in the initial differential screen (Burow, unpublished data) but were not 
tested further. In an effort to characterize other genes and proteins involved in this
45
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process, these remaining cDNAs have been systematically screened for upregulation in 
low CO, conditions. Here, I report the identification o f other classes of clones which 
show differential expression in response to environmental CO, levels.
RESULTS
1. Screening of the synthesized cDNA library
The cDNA library of C. reinhardtii was constructed using mRNA from cells 
adapted to low CO,. The adaptation of these cells to low CO, can be monitored by the 
change in their apparent affinity for CO, (Fig. 3.1). The affinity for CO, (a decrease in 
Ko5 (CO,)) increased within 30 minutes after transfer of cells from high CO, to low 
CO,. In contrast, there was no apparent increase in affinity for CO, in cells switched to 
fresh medium but left on elevated CO,. The induction of the CCM was half 
completed between 2 to 3 hours and by 4 hours the adaptation was complete. To 
confirm the induction of the selected clones in low CO, adapting cells, high CO, 
grown cells were switched to low CO, and RNA was isolated from these cells and 
used in northern blots.
The 225 uncharacterized clones were rescreened by dot blotting, using reverse 
transcribed mRNA from high CO, grown cells and low CO, adapted cells. The clones 
that showed upregulation in low CO,, as indicated by poor hybridization of the high 
CO, probe relative to the low CO, probe, were selected for further analyses. The DNA 
from these recombinant phages was rescued into plasmids by in vivo excision, and the 
inserts were checked for size and cross hybridization. Clones showing a significant 
difference in abundance in low C 0 2 conditions were picked for sequencing. First, the









T i m e  ( h o a r s )
Figure 3.1 Adaptation of high COz grown cells to low COz. The concentration of 
COz required for half maximal rates of photosynthesis [Ko s (C 02)] decreases as cells 
adapt to low C 02 conditions. The line labeled high C 02 represents cells grown 
continuously in high C 0 2 (5% C 02 in air) and the line labeled low C 02 represents cells 
grown in high C 02 and switched to low C 02 (0.035% C 02 in air).
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3’ ends of such clones were sequenced using a cycle sequencing kit from Perkin 
Elmer. The generated sequence data were compared with sequences of previously 
characterized low CO, inducible clones, and clones representing genes previously not 
reported as regulated by CO, were used for further studies. These clones were then 
checked for inducibility of their transcripts by northern blots. Based on all the above 
studies, several new classes of clones have been identified. A summary of this new set 
of clones, upregulated in low CO, conditions, is given in the Table 3.1.
The abundance of transcripts of these different clones changed in response to 
changes in [CO,], as can be seen from Table 3.1. Some constitutively expressed genes 
showing little change in mRNA abundance under high or low CO, (Fig.3.2), such as 
those encoding glyceraldehyde 3 P dehydrogenase (G3PDH) (Kersanach et al., 1994) 
and the small subunit of Rubisco (RbcSl) (Goldschmidt-Clermont and Rahire, 1986), 
were used as controls. The cDNA clones 16 I 10, 17 I 1, 19 I 1, 20 I 1, 21 I 6, 22 I 
3B, 25 I 2, 26 I 2, 32 I 15, 3 4 1 17, 37 I 10 and 49 I 10, all showed significant increases 
in abundance under low CO,, as can be seen from the blots in the figures 3.6; 3.10; and 
3.12). Complete sequencing of these clones in both directions was done at the 
automatic sequencing facility at Colorado State University. The cloning, identification 
and characterization of the clones 32 I 15, 37 I 10, 34 I 17, 17 1 1 and 49 I 10 will be 
discussed will be discussed in this chapter.
2. Cloning of full length cDNAs
The transcript sizes for the cDNAs, 16 1 10, 21 16, and 49 I 10, were larger 
than the size o f the inserts in the recombinant phage. The transcripts of the cDNAs,
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Table 3.1 Summary of the newly identified cDNA clones upregulated in low CO. 
conditions
Clone Induction Identity
C 0 2 Air
321  15 ,25  12  - ++++ P C A s
3 7 1 1 0 , 5 1 1 4  +  ++++
3 4 1 1 7  ++  +++ Lei 3
2 1 1 6  +  -HHH- Lei 5
1 7 1 1 ++ +++ Psa E
4 9 1  10 + ++++ cd 6 desaturase
2 2 1 3B  ++ +++ L h c a l* I
2 0 1 1  - ++++ L hca l  *2
1 6 1 1 0  + ++ L h c b l* l
1 9 1 1  - -H-H- L h cb l*2
2 6 1 2 +  ■H'4' Cyclophilin
5 1 1 2 0  i H -+ + + + +  G3P DH
2 4 1 4 i hi + i f+-(- RbcS I
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C A  C A
G3P DH
RbcSl
Figure 3.2 Northern blot analysis of G3PDH and RbcSl. Ten pg of total RNA was 
isolated from WT cells was blotted and probed with 32P labeled inserts from the clone 
for Glyceraldehyde 3 Phosphate dehydrogenase (G3PDH) and small subunit of 
Rubisco (RbcS I). These have been used as controls. Lanes labeled “C” have RNA 
isolated from high CO, grown cells while lanes labeled “A” have RNA isolated from 
cells grown on low CO, for 4 hours
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16 I 10, 21 16 and 49 I 10, were estimated to be 1.1 kb, 2.5 kb and 2.3 kb, while the 
size of the cDNA inserts were 0.6 kb, 1 kb and 0.8 kb respectively. Rescreening of 
the cDNA library using the inserts o f the specific cDNAs as probes.and rapid 
amplification of cDNA ends (RACE) were used to obtain cDNA clones containing the 
entire open reading frame (ORF). Plaques to which each probe hybridized were 
selected as positives (Fig. 3.3). These positive phagemids were rescued into plasmids, 
and these plasmids were then analyzed by restriction digestion to estimate the length 
of their inserts. From this restriction analysis, the clones which had an insert size 
equivalent to the transcript size were selected. For RACE, gene specific primers were 
used on an mRNA template to amplify the 5’ end of these cDNAs (Frohman et al.,
1991). The resultant products were subcloned, and used to transform E. coli. DNA 
from these plasmids was then analyzed by restriction digestion and plasmids 
containing inserts corresponding to the size of the transcripts were selected as possible 
full-length clones.
3. Identification of the cDNAs
Clones 32 I 15 and 37 I 10 showed distinct upregulation in the abundance of 
the transcript in low CO, conditions (Fig. 3.4). These cDNAs were sequenced and the 
sequences analyzed using the NCBI BLAST server (Altschul et al., 1990). DNA 
sequences from clones 32 I 15 and 37 I 10 showed high homology to p CA1 and 
p CA2 (Fig. 3.5). Other cDNA clones that show an increase in the abundance of their 
transcripts have been sequenced, and characterized and will be discussed in Chapters 
4 and 5. Clones 34 I 17, 171 1 and 49 I 10 will be discussed in the following sections
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Figure 3.3 Screening of the cDNA library for longer clones. The nitrocellulose 
membrane onto which the cDNA library was transferred, was then probed with the 32P 
labeled insert from the clone of interest. The phage plaques that the probe hybridizes 
to, represent phagemids containing similar insert DNA.
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C A C A
32 1 15
371  10
Figure 3.4 Northern blot analysis of 32 1 15 and 37 1 10.. Ten pg of total RNA was 
isolated from WT cells was blotted and probed with 32P labeled inserts from the clone 
for 32 I 15 and 37 I 10. Lanes labeled “C” have RNA isolated from high CO: grown 
cells while lanes labeled “A” have RNA isolated from cells grown on low CO: for 4 
hours.
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4. Characterization of 34 1 17
The clone 34 I 17 shows an in increase in abundance in low CO, (Fig. 3.6) 
Clone 34117  consists of an insert of 624 nucleotides, encoding an ORF of 117 amino 
acids (Fig 3.7). Database searches or protein motif searches have not yielded 
significant homology with any known proteins. Thus, this cDNA represents a novel 
low CO, inducible gene (Lei 3) encoding a protein with a deduced size of 13 kDa. To 
characterize clone 34 I 17 in terms of its response time to reduced CO, concentrations, 
changes in the abundance of the message were monitored over time. Total RNA 
extracted at different times after the switch from high CO, to low CO, conditions was 
blotted, and probed with the insert from the cDNA clone 34 I 17. The northern blot 
(Fig.3.8) showed that the message for this clone is present at low levels in high CO, 
conditions, and showed a steady increase over time after the switch to low CO, 
conditions. The RNA from cells left on high CO, for 4 hours and 10 hours did not 
show a comparable increase in the message. The change in abundance of the message 
was quantified using the phospor imager software (Image Quant) and the volume 
report o f this is represented in Fig.3.9. This application measures the intensity of the 
band. The message in low CO, adapted cells shows a four-fold increase in abundance 
as compared to the message of cells retained in high CO, conditions.
5. Identification of P s a  E
The clone 17 11 was scored as an upregulated gene in the preliminary screens. 
This was confirmed by northern blot analysis (Fig. 3.10). Sequencing and database 
searches o f this cDNA show that it is identical to the previously characterized Psa E
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HORVU 2 2 2
ARATH 2 2 4
B C A l 2 2 6
BCA2 2 2 6
SYNP7 154
ECOLI 152
HORVU 2 8 2
ARATH 2 8 4
----------------------------- AL----------- EYLREGNRRFVNNRPHDSHPTRNLDRVRATAAGQRP FAA
LIRTTPVQAAPVAP ALMDAAVERLRTG FERFRTEVYDRRPDFF- 








NV RVQMEQLRVS? VLQGLVREG RLRIVGGVYD LATG RVTEIA  
NV RVQMEQL RVSPVLQGLVREG RLRIVG GVYDLATG RVTEIA
NVLTQIENLRTYP IVRSRLFQGKLQIFGWIYDVESGEVLQISRTSSDDTGIDECPVRLPG
NV IAQLANL QTHP 3VRLALEEGG-SLHGWVYDIESGSIAAFD---------------GATRQFVPLAA
AVNVSLQNLLTYP FVREGVTNGTLRLVGGHYDFVSGRFETWEQ 
AVNVSLANLLTYP FVREGLVRGTLALRGGYYDFVRGAFELWGL EFGLSETSS
Figure 3.5 Sequence homology of p CAs. Alignment of partial sequence of p CA1 
and P CA2 with carbonic anhydrases from, Synechocystis, E. coli, H. viilgare, and A. 
thaliana. The amino acid residues given in red are conserved across all these 
sequences.
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C A  C A
3 4 1  17
Figure 3.6 Northern blot analysis of 34 I 17 (Lei 3). Lanes labeled “C” have 10 pg 
of total RNA isolated from high CO, grown cells while lanes labeled “A” have 10 pg 
of total RNA isolated from cells grown on low CO, for 4 hours. The blot was probed 
with 3’P labelled insert from clone 3 4 1 17.
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Figure 3.7. Sequence of Lei 3 clone. The DNA sequence and the amino acid 
translation of the cDNA clone, 34 I 17 are shown. This protein has an open reading 
frame of 117 amino acids that has been deposited in Genbank under accession number 
AF015661.



















Figure 3.8 Northern blot analyses of Lei 3 mRNA expression. The high CO, grown 
cells were switched to low CO, conditions at time 0 (C 0). Total RNA was isolated 
from 0 hour, 4 hour and 10 hour high CO, grown cells (C), and from 1 hour, 2 hours, 
4 hour, 6 hour and 10 hr low C 02 adapting cells (A). This RNA blot was probed with 
32P labeled insert o f the clone 3 4 1 17 (Lei 3).
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cDNA of C. reinhardtii (Franzen et al., 1989). These proteins are the peripheral 
photosystem I subunits that play a role in light harvesting and transfer of the excitation 
energy to the photosystem reaction center.
6. Characterization of o m e g a  6  desaturase
The clone 49 I 10 has been classified as an inducible clone. In the screening of 
the library for inducible clones, it showed distinctly stronger hybridization to the 
mRNA from low C 0 2 adapted cells than high CO, cells. A northern blot analysis, 
using the insert o f this cDNA which is 0.6 kb, showed that the transcript is about 2.5 
kb and that it is highly induced (Fig. 3.12). The sequence of the initial small cDNA 
did not show any homology to genes in Genbank. This could possibly be due to the 
presence of only the 3 ’ untranslated region in the insert. To obtain a longer clone the 
cDNA library was rescreened using the 0.6 kb insert as a probe. The phagemids that 
showed strong hybridization to the probe even after stringent washes (0.2 X SSC at 
65° C), were selected as positives (Fig. 3.3). These selected phagemids were rescued 
into plasmids by in vivo excision and analyzed by restriction digestion. One of the 
plasmids containing a longer insert was selected for sequencing. This sequence data 
was used for homology searches. Based on the database searches this clone has been 
identified as an omega 6 desaturase (Fig.3.13) (Sato et al., 1997). The size of this 
cDNA is 2.25 kb which corresponds to the size of the message.
DISCUSSION
Previous screens o f the library made from mRNA of low CO, adapted cells 
detected six non-cross-hybridizing classes of inducible clones in an initial pool of 425






H igh  CO;
10 12a0 2 6
T i m e  ( h o u r s )
Figure 3.9 Increase in mRNA abundance of L e i  3  when cells adapt to low C 0 2
Graph showing the quantitation o f the abundance of mRNA as measured by the 
intensity o f the band in each lane. The line labeled high CO, represents the change in 
abundance of the transcript from cells, grown continuously in high C 02 over time. 
The line labeled low C 02 represents the change in abundance of the transcript from 
cells, grown on high C 0 2 and switched to low C 02 conditions. The mRNA abundance 
was estimated as integrated intensity and given as counts (x 103), using the Image 
Quant software
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C A  C A
1 7 1 1
Figure 3.10 Northern blot analysis of 17 1 1. Ten fig of total RNA was isolated from 
WT cells was blotted and probed with 32P labeled insert from the clone for 17 I 1. 
Lanes labeled “C” have RNA isolated from high CO, grown cells while lanes labeled 
“A” have RNA isolated from cells grown on low CO, for 4 hours.
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WRFAKVirYAGVS —  
WRFENQNYAGVT —
Figure 3.11 Sequence alignment of 17 I 1. Alignment of the deduced amino acid 
sequence of 17 I 1 with PsaE sequences from Synechococcus, Synechocystis,
H. vulgare and C. reinhardtii.
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C A  C A
4 9 1 1 0
Figure 3.12 Northern blot analysis of 49 I 10. Ten \ig o f total RNA was isolated 
from WT cells was blotted and probed with 32P labeled insert from the clone for 
49 110. Lanes labeled “C” have RNA isolated from high CO, grown cells while lanes 
labeled “A” have RNA isolated from cells grown on low CO, for 4 hours.
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clones that appeared to be upregulated by the switch to low CO, conditions. (Burow et 
al., 1996). The identification and characterization of the CahJ, Ala AT and LIP 36 
genes (Fukuzawa et al., 1990; Burow et al., 1996; Chen et al., 1996 and Chen et al., 
1997) suggested that genes identified in this screen may play a role in the CCM. To 
characterize other genes required for the establishment of the CCM in C. reinhardtii, 
the remaining 225 cDNA clones were systematically screened by dot blot 
hybridization. When cDNAs from high C 02 and low C 02 adapted mRNAs were used 
as probes, several new classes o f clones showed an increase in abundance in low C 02 
conditions. Eleven of these new clones have been identified based on their sequence 
homologies.
Two new clones which we identified aligned with the two p CA s that have 
been localized to the mitochondria (Eriksson et al., 1996). The P CA s have been 
postulated to play a role in the efflux of the C02, produced during photorespiration 
(Eriksson et al., 1996) as the accumulated CO, inhibits mitochondrial respiration 
(Gonzalez-Meler et al., 1996). One of the two novel cDNAs reported here, 34 I 17, 
has been completely sequenced. This cDNA has been designated Lei 3 (Low CO, 
Inducible) which apparently encodes a small protein of about 117 amino acids. 
Database searches for protein motifs did not show any significant homology with other 
known proteins. Analysis o f the expression of Lei 3 (Fig.3.6) shows that this message 
is present in low amounts under all conditions tested so far. However, the relative 
abundance of the transcript increased four-fold on switching cells from high CO, to 
low CO, conditions. An increase in the amount of the transcript within an hour of
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4 9 1 1 0  A T G G T T T T A A G G A T T G G T T G T G T N C N T G A C G G C G C N A G A T G G A C G G T T G C N C G G G C G G C T
Figure 3.13 Alignment of 49 I 10 sequence with des 6. Sequence alignment of 
49 I 10 with des6 gene of C. reinhardtii shows high homology between the two 
sequences.
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switching from high CO, to low C 0 2 conditions (Fig. 3.8), suggests this to be an early 
response gene. The continued increase in the amount of the transcript for up to 10 
hours suggests that this cDNA might play an important role in the establishment and 
maintenance of the CCM, although the exact role of this novel protein Lei 3 could not 
be determined.
Two other clones have been identified as Psa E and the omega 6 desaturase. 
Northern blot analysis revealed that Psa E and omega 6 desaturase transcripts 
increaed two and four fold respectively when cells are transferred to low CO,. This 
was the first report to show that the transcription of these genes may be regulated by 
CO, concentration. Based on the identities of the various clones, (Table 1.1 and 3.1) it 
appears that many of the low CO, inducible proteins are associated with membranes. 
It has been shown that an increase in membrane unsaturation is required in the 
synthesis and post translational carboxy-terminal processing of the D1 protein 
(Kanervo et al., 1997). Desaturase mutants of Synechocystis sp. PCC6803 show low 
levels of fatty acid unsaturation, which debilitates the processing o f the D1 protein, 
thus impairing the repair of photodamaged PSII centers. The des6 protein of C. 
reinhardtii introduces unsaturation in the membrane thereby affecting the fluidity of 
the membrane. This increase in membrane unsaturation might be necessary for the 
processing of the polypeptides synthesized in response to low CO, adaptation. Some 
of the newly synthesized polypeptides might also be associated with the membrane. 
This might necessitate increased fluidity for proper orientation of these polypeptides in 
the membrane.
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The screening of the cDNA library led to the identification of several genes 
that are regulated by C 02 concentration. Among these genes, only Cah 1 (Fukuzawa 
et al., 1990), Ala AT (Chen et al., 1996), (5 CA 1 and P CA 2 (Eriksson et al., 1996) 
have been thoroughly characterized. Other cDNAs may code for proteins that play a 
direct or indirect role adaptation to low C 0 2.
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CHAPTER 4 
EFFECT OF LOW C 0 2 GROWTH ON THE ABUNDANCE OF 
LIGHT HARVESTING COMPLEX (LHC) TRANSCRIPTS
INTRODUCTION
A CO, concentrating mechanism, facilitating adaptation for growth at low CO, 
has been observed in Chlamydomonas reinhardti. Cells having the CCM show a 
higher affinity for CO, and an increase in the internal concentration of C, at the site of 
RuBisCO. The mechanism by which this adaptation is achieved is only partially 
characterized. A cDNA library has been constructed from cells grown on high CO, 
and then switched to low CO, conditions for 2 hours. About 425 clones have been 
identified upon screening this cDNA library for cDNAs showing differential 
hybridization. Later cross hybridization studies showed that 155 of these 425 clones 
corresponded to six classes of clones (Burow et al.1996, Chen et al., 1996, Chen et al., 
1997). The remaining 225 clones have now been screened for differential response to 
low CO, and several new classes have been identified. Analyses of four of these 
clones, 161 10,19 I 1, 20 I 1 and 22 I 3B, showed that they encode the chlorophyll a/b 
binding (Cab) proteins, also known as light harvesting complex (LHC) proteins. The 
cloning and identification of these cDNAs is presented in this chapter.
Each of the two photosystems consists o f a reaction center and a light 
harvesting complex (LHC I and LHC II respectively). These LHCs contain pigments 
such as chlorophylls a and b and carotenoids, and have been shown to absorb light 
energy and transfer it to the reaction centers. In C. reinhardtii, the various types of 
Cab proteins assemble into the thylakoid membrane to form five light harvesting
68
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complexes (LHCI, LHCII, CP29, CP26 and CP24) which surround the photochemical 
reaction centers of PSI and PSII and transfer light energy to them (Bassi and Dainese,
1992). Antibodies against the Chi a/b light harvesting proteins of plants cross-react 
with several polypeptides o f C. reinhardtii (Allen and Staehelin, 1994). Despite the 
considerable literature on the regulation of LHCs in C. reinhardtii, only one Lhcb I 
gene (Imbault et al., 1988) and one LHC I cDNA (Hwang and Herrin, 1993) have been 
cloned. Of the four clones identified in my work, clone 20 I I was a clone of a new 
LHC I transcript while the sequence homology of 22 I 3B clone suggests it is identical 
to the LHC I cDNA (LHC I 20) previously characterized from C. reinhardtii. Clones, 
16 I 10 and 19 I 1 show homology to LHC H transcripts. Here I report the 
identification o f three new LHC cDNAs. I also report for the first time that there is an 
effect on the abundance of these transcripts in response to the CO, levels.
RESULTS
1. Northern analysis of the LHC clones
Four clones, 16 I 10, 19 I 1, 20 I 1 and 22 I 3 B, were selected for further 
characterization based on differential screening. These clones, isolated as recombinant 
phage were rescued into plasmids by in vivo excision (Chapter 3). To confirm that 
these cDNAs were upregulated by low CO, growth conditions, mRNA was extracted 
from cells grown in high C 0 2 and cells adapted to low CO, for 2 hours and northern 
blot analyses was performed. As can be seen from Fig. 4.1, each of the clones shows a 
qualitatively different response to low C 02 adaptation. Messages corresponding to the
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C A  C A
22 I 3B(Lhcal *1 )
20 1 1 (Lhcal* ! )
M i 16 1 10 (Lhcbl*l)
w.-'*- , > * 3 K £ j* £ fB ^ ZJ ' " . T ^  '  • - . " 1911 ( Lhcbl*2 )
Figure 4.1 Northern blot analysis of LHCs. Ten ug of total RNA was isolated from 
WT cells was blotted, and probed with 32P labeled insert from the clones for the four 
LHCs, 20 I 1, 22 I 3B, 16 1 10 and 19 I 10. respectively. Lanes labeled “C” have RNA 
isolated from high C 0 2 grown cells while lanes labeled “A” have RNA isolated from 
cells grown on low C 0 2 for 4 hours.
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clones 1911 and 20 I 1 show abundance only in cells adapted to low C02 conditions. 
These transcripts are highly induced as can be seen by the abundance of the 
transcripts. The mRNAs, corresponding to the clones 16 110 and 22 I 3 B appear to 
be present both in high C 0 2 and low C 02 grown cells. In particular the transcript 
for 22 I 3 B is constitutively expressed in high CO, grown cells, though it shows a 
somewhat greater accumulation in low CO, adapted cells. The clone 16 110 shows 
distinct upregulation in low C 02 conditions, but the amount of the transcript present in 
both low and high CO, conditions is much lower than the others. These results 
suggest that at least some LHC transcripts respond to differential CO, concentrations.
2. Cloning of the full length clones
Partial sequence analyses of these four cDNAs shows that three of the four 
cDNAs, 19 I I, 20 I 1 and 22 I 3B, are clones containing the entire ORF. The clone, 
16110 only carries an insert of around 700 bp while the transcript corresponding to 16 
I 10 is about 1.1 kb. Translation of 16 I 10 sequence gives a deduced amino acid 
sequence with an appropriate start site. Comparison of this deduced amino acid 
sequence with known LHCs indicates that it is an LHC II protein, as it contains the 
signature sequence “TPAYLTGEFPGDYGWDNAGLS“ of the LHC II sequences. 
Analysis of the complete sequence of this clone indicates that this partial clone does 
not contain the 3' end of the cDNA . To obtain the full length of this clone the cDNA 
library has been screened with the insert from this clone. The selected clones have 
been checked for the size of the insert. A clone that contains an insert corresponding 
to the correct size of the transcript has been selected for further analyses.
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3. Sequencing of the LHC I clones
The two cDNA clones 22 I 3B and 20 I 1 have been sequenced. Clone 22 I 3B 
is 1.1 kb long and has an open reading frame corresponding to a protein of 225 amino 
acids (Fig.4.2). The clone 20 I I has an insert of 1.2 kb and forms a transcript of about
1.1 kb suggesting that this is a full-length clone. It has an open reading frame of 228 
amino acids (Fig. 4.3). As mentioned previously both clones show significant 
homology to the LHC I 20 (Fig. 4.4 and 4.5) from C. reinhardtii (Hwang and Herrin, 
1993). Clone 22 I 3B appears to be identical to a partial sequence reported (Hwang 
and Herrin, 1993). The sequence data shows that clone 22 I 3 B is longer on the 5’ 
end than LHC I 20 (Fig. 4.4 and 4.5). It also has a start codon 9 bases before the 
published sequence. This additional start site is preceded by the sequence motif of 
AAA (Table 4.1) that has been shown to precede the start codons of many of the 
transcripts in C. reinhardtii (Franzen et al, 1989). Based upon this evidence the 
sequence of 22 I 3 B is predicted to be the correct sequence for LHC I 20.
This cDNA also shows very high homology to LHC I 20 (Fig. 4.4). Sequence 
comparison shows that the sequence of clone 20 I 1 differs from that of 22 I 3B by 
only one amino acid. Comparison of the nucleotide sequences of the two cDNAs 
shows that there are only two bases that are different between them in the open reading 
frame (Fig. 4.5). The 5’ and 3’ untranslated regions show a few more differences, but 
the two sequences show > 94% identity. Following the nomenclature of Jansson 
(Jansson et al., 1994), these cDNAs have been designated as Lhcal*I (22 I 3B) and 
Lhcal *2 (201 1).
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a t g c a c a c t c c c a g a c a c t t c t t g t g t t g a c t a a a g c c a c a t g c a a a t g a t c t c c t g a t a g c g g g a g a t t g c a t a g c a t g c g
g a t g a c a c c a g a g g a c c a g c g g a c g g g c t t c a c g g c t c c a a g g g g g g t g g c g a a g c g c g c t g g t c c t t c c g t g t a t g t a a c t
t t g t t a g t g g c c c g t a t g g g c a t a a t t t t g g t g t g a g c a a c g t g a g a g c a a g g g t a t g g t g g t g a a a t g c t t c c c g a g c g c g
g a t g t g t t g g t t g g t c t t g t g g t g g t t g g t g g g c c g g a t g g c c c g t t t a t g t g g a g g g t g c g g c g a g a g c t g c g a t a c g g t g
t g t g c g c a c g g t c t a c a c g a a c a g c a g g g c t t c g t g c c a t t c c g t g t a a c a c g c a a g a a a c t g a a a a a a a a a a a a a a a a a
Figure 4. 2 Sequence of 22 I 3B clone. The DNA sequence and the amino acid 
translation of the cDNA clone 22 I 3B. This protein has an open reading frame of 228 
amino acids
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a t g c a c a c t c c c a g a c a c t t c t t g t g t t g c a c t a a a g c c a c a t a c a a a t g a t c t c c t g a t a g c g g g a g a t t g c a t a g c a t a c
g g a t g a c a c c a g a g g a c c a g c g g a c g g g c t t c a c g g c t c c a a g g g g g g t g g c g a a g c g c g c t g g t c c t t c c g t g t a t g t a a c
t t t g t t a g t g g c c c g t a t g g g c a t a a t t t t g g t g t g a g c a a c g t g a g a g c a a g g g t a t g g t g g t g a a a t g c t t c c c g a g c g c
g g a t g t g t t g g t t g g t c t t g t g g t g g t t g g t g g g c c g g a t g g c c c g t t t a t g t g g a g g g t g c g g c g a g a g c t g c g a t a c g g t
g t g t g c g c a c g g t c t a c a c g a a c a g c a g g g c t t c g t g c c a t t c c g t g t a a c a c g c a a g a a a c t g a a a a a a a a a a a a a a a a
Figure 4.3 Sequence of 20 I 1 clone. The DNA sequence and the amino acid 
translation of the cDNA clone 20 I 1. This protein has an open reading frame of 228 
amino acids.
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L h c a l * 1 MALSMRTLSARTAAP RGFSGRRVAAVSNGS RVTMKAGNWLPGSDA PAWLPDDLPGNYGFD
L h c a l  *2  MALSMRTLSARTAAP RGFSGRRVAAVSNGS RVTMKAGNWLPGSDA PAWLPDDLPGNYGFD
LH CI- 2 0  -------- MRTLSARTAAP RGFSGRRVAAVSNGS RVTMKAGNWLPGSDA PAWLPDDLPGNYGFD
L h c a l * 1 PLSLGKEPASLKRFT ESEVIHGRWAMLGLA GSLAVELLGYGNWYD APLWAVNGGKATWFG
L h c a l *2  PLSLGKEPASLKRFT ESEVIHGRWAMLGVA GSLAVELLGYGNWYD APLWAVNGGKATWFG
L H C I-2 0  PLSLGKEPASLKRFT ESEVIHGRWAMLGVA GSLAVELLGYGNWYD APLWAVNGGKATWFG
L h c a l *1 IEVPFDLNALLAFEF VAMAAAEGQRGDAGG WYPGGAFDPLGFAK DSSKSGELKLKEIKN
L h c a l *2  IEVPFDLNALLAFEF VAMAAAEGQRGDAGG WYPGGAFDPLGFAK DSSKSGELKLKEIKN
L H C I-2 0  I EVP FDL NALL AFE F VAMAAAEGQRGDAGG WYPGGAFDPLGFAK DSSKSGELKLKEIKN
L h c a l *  1 GRLAMVAFLGFVAQH AATGKGPIAALGEHL ANPWGANFATNGISV PFF
L h c a l  *2  GRLAMVAFLGFVAQH AATGKGP I  AALGEHL ANPWGANFATNGISV PFF
L H C I-2 0  GRLAMVAFLGFVAQH AATGKGP I  AALGEHL ANPWGANFATNGISV PFF
Figure 4.4 Multiple sequence alignment of LHC I proteins. Amino acid sequence 
alignment of the clones, 20 I 1, 22 I 3B and, the previously characterized C. 
reinhardtii cDNA clone, LHC I 20. The amino acid residues preceding the previously 
identified initiation site are given in green. The clone 20 I 1 differs from 22 I 3B and 
LHC 120 by only one amino acid, which is given in red.
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Table 4.1 Initiation codons in C. reinhardtii nuclear genes. The initiation codon 
“ATG” and the four nucleotides preceding the start codon are shown from several 
C. reinhardtii nuclear genes.
G ene Sequence
R b cS l TAAAATGGC
OEE 1 a a a g a t g g c
OEE 2 a a a a a t g g c
P 30 GAAAATGCA
C y to ch ro m e C t a a a a t g t c
Psa  E GAAAATGCA
L h c a l *1 CAAAATGGC
L h c h l *3 AAATATGAT
L e i  3 a a a a a t g a t
CyP c a a a a t g c c
11 I 3 AAAAATGTC
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1 15 16 30 31 45 46 60
Lhcal *1 GGCACGAGCICGTGC CGCTCGTGCCGACTC GTTGTTGCGTACCAT CACCAAACCACCAAT
L hcal *2 GGCACGAGC AG-TCGTGCCGACTC GTTGTTGCGTACCAT CACCAAACCACCAAT
LHCI-2C ---------------------------- ------------------------------- ------------------------------- -------------------------------
61 75 76 90 91 105 106 120
L hcal *1 CAAAATGGCCCTGTC GATGCGCACCCTGTC TGCCCGCACCGCGGC TCCTCGCGGCTTCTC
Lhcal *2 CAAAATGGCCCTGTC GATGCGCACCCTGTC TGCCCGCACCGCGGC TCCTCGCGGCTTCTC
LKCI-20  CCTGTC GATGCGCACCCTGTC TGCCCGCACCGCGGC TCCTCGCGGCTTCTC
121 315 316 330 331 345 346 360
L h ca l* !    GGCCATGCTC-GGCGT TGCCGGCTCCCTGGC TGTGGAGCTGCTGGG
Lhcal *2   GGCGATGCTGGGCCT TGCCGGCTCCCTGGC TGTGGAGCTGCTGGG
LHCI-20   GGCCATGCTGGGCGT TGCCGGCTCCCTGGC TGTGGAGCTGCTGGG
361 780 781 795 796 310  811 1170
L h c a l*1 ..................................... - ACTAAAGCCACATG CAAATGATCTCCTGA.........................................
Lhcal *2   CACTAAAGCCACATA CAAATGATCTCCTGA.........................................
LHCI-20   -ACTAAAGCCACATG CAAATGATCTCCTGA..........................................
Figure 4.5 Multiple sequence alignment of LHC I cDNAs. Nucleotide sequence 
alignment of the clones, 20 I 1, 22 I 3B and the previously characterized C. reinhardtii 
cDNA clone, LHC I 20. The clone 20 I 1 differs from 22 I 3B and LHC I 20 by four 
nucleotides that are given in red. The seven nucleotide insertion in the 5’ untranslated 
region o f 22 I 3B is shown in blue. Note that the sequence between nucleotides 121 
and 315; 361 and 780; and 811 till the end, are not shown since there are no 
differences among the sequences in this region.
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4. Sequencing of LHC II clones
Clones 16110 and 19 11 have been sequenced completely. Sequence analyses 
of the 16 I 10 cDNA indicated that it shows high homology to LHC II proteins, and 
that it is a partial clone. The cDNA library was rescreened with the insert to obtain 
full-length clone of this cDNA. The sequence of 16 I 10 is 1.2 kb long and encodes an 
open reading frame o f about 254 amino acids (Fig 4.6). Based on its homology, this 
clone is designated as Lhcb 1*1.
Clone 19 I 1 is 1.3 kb long and encodes an open reading frame o f about 268 
amino acids (Fig 4.7). This sequence shows high homology (Fig. 4.8) to the 
previously characterized C. reinhardtii LHC II gene (Imbault et al., 1988), which was 
sequenced as genomic DNA. However there are enough differences to indicate it is 
the result of transcription of a different gene. This is first report of an LHC II cDNA 
in C. reinhardtii. All the LHC II genes have 3 domains that are conserved. Based on 
the sequence similarity, this clone has been identified as the B1 type of LHC II 
(Imbault et al., 1988), and hence designated as Lhcbl *2. The deduced amino acid 
sequences of the two clones, Lhcbl *1 and Lhcbl *2 were compared with the deduced 
amino acid sequence of the previously characterized LHC II (Lhcb) gene (Fig. 4.8). 
This comparison shows that these two cDNAs are distinctly different from the Lhcb 
gene.
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a g c t a t t g c g g t t t g t t g c t g g g g c t c t a g c c t a c g a t g a t g c t g a c g a t a a t a a g g g c a t t c g c g c g t g t g t g c a g t c t a t
t c g g a g c g a g c a a c g c t a g c c c t t g a g g c t a g t g g c t a a c g c t g g g t g c a c a g t a t a t t g t g t g a t g t a c t g c g a g c t a t a c
a c t g c c a c a t g c a c a c a c a c a a t g t t g t g c c t t c a a t t t t g a c a t a c a g c t g a c a t t g g c t g g a t t t g t a c t c a t g t t a c t t
t t t g t a c c a t a a c g c g g t t a t t a a g g c g g t g g t g a g g t a g t g g t g c g g a g c a c g g a a g a g a g g a c a c a g a c a c a a g a g t g c c
c c c a t g t g g g a g t g c a g c g c a a g c g c g t g c a t a a c a c g t c t t g t t g t a a c c a t c a c g t a c a a a a a a a a a a a a a a
Figure 4.6 Sequence of 16 I 10 clone. The DNA sequence and the amino acid 
translation of the cDNA clone 16 1 10. This protein has an open reading frame of 173 
amino acids.
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c c c c t t c a c t t g g c t g g c a a g c t g t t g a t g g c g c g t t t g c t g a t g g c a a a t t a t t t g g g t c a a g a a g t g g t g t a g a c t g g t
g g c g t g g c a a g t t t a g t g c t a c a t g t c t a c c g t g t a t g a c c c g c g t t t t c t t t c c a t c t c c c c t t c c c a c c c a t c a t t g t t
a t t c g g g a c a c a c c g a a c a a a a g c c c t c c a c a t g c t c c t g a g g c t g t g a a c g c c t c a g t a c c t a a g t g c g c t t g c t t g c c c
c t a a c t t g c a a g c g g g g c a c g t g t a t g a t c t t g t g t c c t t t g t t t g g t a t g g t t t t t g g t t g t a c a c g t a c a t a c c g t g g a
c c g a g t g t g t g t g c a a a g g g a a c a a t c g c a a a g t t g c g t g g c g a g a g a a c c g a a a g a g a a t c a a c c c c c c g c t t g c a t g g g
Figure 4.7 Sequence of 19 I 1 clone. The DNA sequence and the amino acid 
translation of the cDNA clone 19 11. This protein has an open reading frame of 213 
amino acids.
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Lhcb MAFALAS-RKALQVT CKATGKKTAAKAAAP K------------------- S S G - -------- VEFYGPNRAKW
L h cb l*  1 MAFALATSRKALQVT CKATGKKTAAKAAAP K------------------ S S G - -------- VEFYGPNRAKW
L hcbl *2 fWLSRTWNVQAKLT KKGGAPKKAAPASAQ KKTIREKAGWWSNGG NEKLSAFYGPD RGLW
Lhcb  LGPYSENATPAYLTG EFPGDYGWDTAGLSA DPETFKRYRELELIH ARWAMLGALGCQTPE
L h cb l*  1 LGPYSENSTPAYLTG EFPGDYGWDTAGLSA DPETFKRYRELELIH ARWAMLGALGCLTPE 
Lhcbl *2 LGPLS-GTTPAYLTG EFPGDYGWDSAGLSA DPETFKRYRELELIH ARWAMLGALGCITPE
Lhcb  LLAKSGTKFGEAVWF KAGAQIFSEGGLDYL GNPSLVHAQNIVATS AVQVILMGLIEGYRV
Lhcbl *1 LLAKSGTKFGEAVWF KAGAQIFSEGGLDYL GNPSLVHAQNTVATL AVQVILMGLIEGYRV 
Lhcbl *2 LLAKNGTPTVEPVWF KAGAQIFAEGGLDYL GNPGLVHAQSILATL AVQVILMGAI EGYRV
Lhcb NGGPAGEGLDPLYPG -ESFDPLGLADDPDT FAELKVKEIKNGRLA SFSMFGFFVQAIVTG
L h cb l*!  NGGPAGEGLDPLYPG -ESFDPLGLADDPDT FAELKVKEIKNGALA MFSMFGFFVQAIVTG 
Lhcbl *2 NGGPAGEGWDKLHPG GQFFDPLGLAEDPDA FAELKVKEIKNGRLA MFSMFGFFVQAIVTG
Lhcb KGFVQNLDDHLANPT VNNAFAFATKFTPSA
L h cb l* 1 KGPVQNLDDHLANPG VNNAFAFATKFTPSA 
Lhcbl *2 KGFLANLDEHLASPF TSNAFTYAQKFTPQ-
Figure 4.8 Multiple sequence alignment of LHC II proteins Amino acid sequence 
alignment of the clones, 161 10, 1911 and, the previously characterized C. reinhardtii 
LHC II gene, Lhcb. The alignment shows that the two cDNAs are quite distinct from 
the sequence o f the gene Lhcb.
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5. Number of genes
The complexity of the LHC II gene family in C. reinhardtii was estimated by 
genomic southern blot analysis. C. reinhardtii genomic DNA, digested with a series 
of restriction enzymes, was probed with DNA from either LHC I or LHC II clones 
(Fig. 4.9A and 4.9B). The probes in both cases hybridize to a number of DNA bands. 
In the blot, the probe for LHC I hybridizes to one band in the Pst I lane, two bands in 
the Pvu II lane and two bands in the Bgl II lane. In contrast, the probe for LHC II 
hybridizes to seven bands in the Pst I lane, four in the Pvu II lane, two bands in the 
Stu I lane. This suggests that the LHC I and LHC II complexes in C. reinhardtii are 
encoded by small gene families. From the southern analysis, it appears that the 
number o f LHC II genes is much greater than the number of LHC I proteins. Such 
gene families are also seen in the M el genes of the NADP-ME family in Flaveria 
(Marshall et al., 1996), LHC genes in tomato (Schwartz et al., 1991), and the L1818 
gene family in Chlamydomonas (Savard et al., 1996).
6. Expression of the LHC clones over time
Expression of these LHC clones was checked by northern analysis. Total RNA 
was isolated from C 02 grown cells and cells that had been adapted to low C 02 for
0.5 hr, 1 hr, 1.5 hr, 2 hr, 4 hr and 12 hr respectively. Northern blots were probed with 
inserts of the four clones, Lhcal* 1, Lhcal *2, Lhcb 1*1, and Lhcb 1*2 (Fig. 4.10). The 
results show that the clone Lhcal *1 is expressed in high C 02 conditions and 
adaptation to low C 02 conditions results in a two fold increase in the accumulating 
transcript. Clones Lhcbl *1, Lhcb 1*2 are expressed minimally or not at all in high
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a b c d e f g h
Figure 4.9a Genomic southern analysis for LHC I genes. One pg of genomic DNA 
from WT C. reinhardtii, digested with the following restriction enzymes : a) Bam HI, 
b) EcoRI, c) Hind m , d) Kpn I, e) Pst I, f) Pvu II, g) Stu I, blotted onto a nitrocellulose 
membrane, and then probed with 32P labeled insert from one of the LHC I cDNAs. 
Lane “h “ has the fragment used for probe, as a positive control.
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a b c d e f g h
Figure 4.9b Genomic southern analysis for LHC II genes. One pg of genomic DNA 
from WT C. reinhardtii, digested with the following restriction enzymes : a) Bam HI, 
b) EcoRI, c) Hind EH, d) Kpn I, e) Pst I, f) Pvu II, g) Stu I, blotted onto a nitrocellulose 
membrane, and then probed with 32P labeled insert from one of the LHC II cDNAs. 
Lane “h “ has the fragment used for probe, as a positive control.
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Figure 4.10 Increase in mRNA abundance of Lhcs when cells adapt to low C 0 2. 
The high C 02 grown cells were switched to low C 02 conditions at 0 hours (C ). Total 
RNA isolated from 0.5 hours, 1 hours, 2 hours, 4 hours, 6 hours and 10 hours low C 02 
adapted cells (A) is blotted onto nitrocellulose membrane. Four such membranes 
having RNA from the time course o f adaptation are probed with 32P labeled inserts of 
the DNA from the four LHC clones, 20 1 1, 221 3B, 16 1 10 and 1911.
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C 0 2 conditions and transcript levels increaese by about four fold on switching to low 
CO; conditions. The transcripts in all the cases show increase in abundance. 
DISCUSSION
The identification of three new Chlorophyll a/b binding (Cab) proteins 
(Imbault et al., 1988; Hwang and Herrin, 1993) from C. reinhardtii is reported here: 
one LHC I ( Lhcal *2) and two LHC II ( Lhcbl *1 and Lhcbl *2). These cDNAs are 
assigned as LHCs based on their homology to previously characterized C. reinhardtii 
genes (Hwang and Herrin, 1993 and Imbault et al., 1992) and higher plant genes 
(Green et al., 1992; Dunsmuir, 1985; McGrath et al., 1992; Piechulla et al., 1991). 
The cDNA for Lhcal*I (22 I 3B) reported here is longer than the published sequence 
(Hwang and Herrin, 1993). The cDNA 22 I 3B has an in frame start codon nine bases 
upstream of the proposed start site in the cDNA previously described (Hwang and 
Herrin, 1993). The presence of an “AAA” sequence immediately upstream of this 
ATG, suggests that this is the correct start site. The sequences o f the two LHC II 
clones identified in this study are unique and do not show much similarity to one 
another. Transcript levels of all these LHCs increase. The increase in the abundance 
of the messages of the four LHC transcripts, is the first indication that LHC proteins 
may be affected during adaptation to low CO,.
Genomic Southern blots on these LHC clones indicates that this family 
consists of a number of genes (Fig. 4.10a and 4.10 b). The C 02 response of these 
different LHCs is different (Fig. 4.1). It has been speculated that there is an increase
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in energy requirement for the establishment of the CCM, as in the case of C4 plants 
(Raven, 1997). C4 photosynthesis requires more ATP than required in C3 
photosynthesis. The CCM in C. reinhardtii may also require extra energy from light. 
This demand for higher energy may be met by increasing the ability to harvest more 
light, and that light harvesting capability is increased by an increase in the abundance 
of specific LHC transcripts. The correlation between low CO, adaptation and the 
increase in the abundance o f these LHC transcripts (Fig. 4.10) only strengthens the 
above argument. Based on this evidence it can be argued that the establishment and 
maintenance of the CCM in C. reinhardtii may depend on increase in abundance of 
atleast some of the LHC proteins.
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CHAPTERS 
CLONING AND IDENTIFICATION OF A CYCLOPHILIN cDNA
INTRODUCTION
The enzyme RuBisCO catalyzes both carboxylation and oxygenation reactions. 
The competition of C 02 fixation by O, renders the photosynthetic activity suboptimal. 
The unicellular alga, Chlamydomonas reinhardtii, has developed a CO, concentrating 
mechanism (CCM) to overcome this inefficiency. The presence of this adaptation can 
be seen from the apparent increased affinity for CO, when the alga is grown in low 
CO, conditions. Elucidation of the CCM relies on the characterization of the 
components involved in this process. To this end, a cDNA library has been 
constructed using mRNA from low CO, adapted cells (Burow et al, 1993). 
Differential screening o f this cDNA library with labeled cDNAs from high CO, grown 
and low CO, adapted cells has yielded several classes of clones, which are upregulated 
in low CO, conditions. Here I report that one of the clones, 26 I 2, is a cyclophilin 
gene that shows upregulation in low CO, conditions.
Cyclophilins are a class of cis / trans prolyl isomerases that are inhibited by the 
immunosuppressant, cyclosporin A (CsA). Cyclophilins have been identified in a 
number of organisms including humans, Neurospora crassa, E. coli, yeast and several 
plants such as Arabidopsis thaliana, fava bean, tomato, and bean (Kellmann et al., 
1993; Lippuner et al., 1994; Marivet et al., 1994; Luan et al., 1994). Both 
chloroplastic and cytosolic cyclophilins have been identified in plants (pCyPs). 
Cyclophilins in plants have been shown to play a role in stress response, 
developmental regulation and protein folding (Luan et al., 1994; Marivet et al., 1994; 
Kem et al., 1995). This is the first report of a cyclophilin in an algal species. This is 
also the first report o f an increase in abundance of cyclophilin cDNA to differential 
CO, growth in any organism.
88
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RESULTS 
1. Cloning of the cDNA, 26 I 2
Differential screening of the cDNA library has yielded several putative cDNAs 
upregulated in low CO, conditions (Burow et al., 1993). These have been rescreened 
and 75 cDNAs have been selected for further characterization. A clone, 26 I 2, was 
among the cDNAs that have been scored as upregulated cDNAs. In three out of four 
screens, this clone has shown an increase in its abundance (Fig. 5.1). The insert from 
this phagemid has been rescued into a plasmid vector by in vivo excision. The insert is
1.1 kb in length. A northern blot analysis shows that the transcript encoded by this 
cDNA increases ~ two fold in low CO, conditions (Fig. 5.1).
2. Sequencing and homology search
The insert from this cDNA, 26 I 2, has been sequenced in both directions using 
M l3 forward and M13 reverse primers. This cDNA is 1016 bp long encoding a 
putative protein of 172 amino acids. It contains a possible translation start site at 
nucleotide 31, and probable stop site at nucleotide 549 (Fig. 5.2). A database search 
using this sequence showed that this cDNA is highly similar to the proteins of 
immunophilin family, cyclophilins (Fig. 5.3).
The homology search reveals that 26 I 2 shows highest homology to the 
cytosolic cyclophilins from Zea mays, Oryza sativa, Phaseolus vulgaris and A. 
thaliana. A multiple sequence alignment of the C. reinhardtii cyclophilin with the 
above mentioned cyclophilins shows that it contains the characteristic seven amino 
acid sequence, XSGKPLHX, seen in all cytosolic cyclophilins. A known chloroplastic 
cyclophilin from A. thaliana has been used in this alignment for comparison.
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C  A  C A
2 6 1 2
Figure 5.1 Northern blot analysis of 26 I 2. Ten |ig of total RNA was isolated from 
WT cells was blotted and probed with 32P labeled insert from the clone, 26 I 2. Lanes 
labeled “C” have RNA isolated from high C02 grown cells while lanes labeled “A” 
have RNA isolated from cells grown on low CO, for 4 hours.
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g c g t t c t g c t g c a g c a a g t g c g c a c c g g g g g c g t g t a c g c t c c g c g g a t t g g g c g c g g c g c t g c a g g c g c g g c g c c g g g a g g
g c c t g a c a t c g g a g t t t g t g c t g t g a t c a g g c a c g t t a g a g t c t g c a t g g a g c a a t t t g g c a t g t c g g g c g a g g g c g g a c t g
t g g a a g t c g g c g g c t a a t g g c t g t g c g g c t g g c g c t t c c g c g g c a t g g a t t g t g t t g c g g g g c t g c t c t t c a t g g c a g g g g c
a t a t g c c a g g c a t g c g t t g a c a g t t g t t g t c c a g g t g t c g g g t t t c g g a c g a t g a t g t a g t t g t t t t g t g t g t a c a c g t a c g
a a g c g c a t t c g t g t t t g t t g a t a g t g a c g a t c c t g g c a t g c a t g t t g t c t t t c c a t a g c g t g c g t t g t g g a a t g c a t g c g t g
t c c t t t c a a a g t g t a a c a a g t c a t a a t g
Figure 5.2 Sequence of the clone, 2612. The DNA sequence and the amino acid 
translation of the cDNA clone 26 I 2. This protein has an open reading frame of 172 
amino acids.
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2 6 i 2 ---------------------------------------------------------------------------------------------------
Z e a  ---------------------------------------------------------------------------------------------------------------- ---------------------------------------
O r y z a  -------------------------------------------------------------------------- -------------------------------------- ---------------------------------------
P h a s e o i u s  --------------------------------------------------------------------------  --------------------------------------------------------------------------
A r c y t  --------------------------------------------------------------------------  ----------------------------------- ---------------------------------------
A r c h I  M ASSSSM Q M V H TSR S IA Q IG F G V K S Q L V S A  N R T T Q S V C FG A R SS G  IA L S S R L H Y A S P IK Q
2 6 i 2     -M P N P IV F F D IT A D G  A PV G R IE M E L Y A D D V
Z e a     -M ANPRVFFDM TVGG APAGRXVM ELYANEV
O r y z a    -M SN TRV FFD M TVG G  APAGRXVMELYAfCDV
P h a 3 e o i u s    -M P N P K V F F D M T IG G  Q PA G R X V FEL Y A D V T
A r c y t    -M A FPK V Y FD M T ID G  Q PA G R IV M ELY TD fCT
A r c h i  FSG V Y A T TK H Q RT A C  V K S M A A E E E E V IE P Q  A K V TN K V Y FD V EIG G  E V A G R IV M G L rG E W
2 6 i 2  PK T A E N FR A L G T G E K  G V G R SG K PLH FK G ST FH RV LPN FM CQ G G EF T R G N G T G G E S : YGEK
Z e a  PK T A E N FFA L .7T G E K  GVGKSGK PLH Y K G ST FK RV T FSFM CCGGDF T R G N G T G G E S IY G E K
O r y z a  PR T A E N F R A L C T G E K  GVGKSGKP LH Y K G ST FK RV TPSFM CQ G G D F T R G N G T G G E S IY G E K
P h a s e o i u s  P R T A E N FR A L C T G E K  G V G R S G K P V H F K G SI F H R V ’ PNFMCQGGDF T A G N G T G G E SIY G A K
A r c y t  PR T A E N FR A L O T G E K  GVG G TG K PLH FKG SK  FH R V IPN FM C C G G O F T A G N G T G G E SIY G SX
A r c h i  PK T V E N FR A L O T G E K  KYG Y K G SS F H R IIK D F M IC G G L F  "E G N G T G G IS IY G A K
2 6 1 2  F P D E N FK H R K T G PG V  LSM ANAGPNTNGSCF F L O T  VETAWLGGKHY V FG K V C X G M D W K R V
Z e a  F PC E K F V R K Q PA PG V  LSM ANAGPNTNGSCF FICT V A T FW LL G K H Y  V FG Q V V E G M D W K A I
O r y z a  F A L E V F K F K H D S P G I LSTA N A G PN TN G SC F FIC T V PC SW L E G K K V  V FG RV V EG M D V Y K A I
P h a s e o i u s  F A E E N F V K K H T G P G I LSM ANAGPNTNGSCF FICT TK TE W LD G K K V  V FG Q V V E G L D V 7K D I
A r c y t  F E D E N F E R K H T G P G I LSM ANAGPNTNGSCF FIC T V K T O T L G G K H V  V F G C V V E G L O W X A E
A r c h i  F E C E N F T L K K T G P G I LSM ANAGPNTNGSCF FICT V K T SW LL N K H V  V F G Q? IE G M K L V R T L
2 6 1 2  E G Y G S S S G K T -R A T F  A IA D C A Q L A ----------
Z e a  E K V G T R N G S T -S K W  KVADCGQLS----------
O r y z a  E K V G S R G G S T -A K P V  V IA D C G C L S ----------
P h a s e o i u s  E K V G S G S G K T -A R P V  A IA D C G Q L S ----------
A r c y t  E K V G S S S G K P  -  T K P V  W A T C G Q L S ----------
A r c h i  E S Q E T R A FD V PK K G G  R IY A C G E L P L D A -
Figure 5.3 Sequence alignment of 26 I 2 with pCyPs. Amino acid sequence 
alignment of the 26 I 2,with the cytosolic pCyPs from Z. mays, O. sativa, P. vulgaris, 
A. thaliana and the chloroplastic pCyP from A. thaliana (Archi).
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3. Expression of CyP clone over time
The changes in the expression o f the cyclophilin protein have been studied by a 
time course northern blot and western blot analysis. Total RNA was isolated from 
CO, grown cells and cells that have been adapted to low CO, for 0.5 hr, 1 hr, 1.5 hr, 
2 hr, 4 hr and 12 hr respectively. Northern blots of these RNA samples were probed 
with inserts o f the 26 I 2 clone (Fig. 5.4). The result shows that the clone 26 I 2 was 
expressed in high CO, conditions and that adaptation to low CO, conditions results in 
a two-fold increase in the accumulating transcript. This northern blot shows that the 
level of the transcript goes up for four hours after switching to low CO, conditions, 
and goes down steadily thereafter.
Proteins were extracted from WT cells grown on high CO, and cells adapted to 
low CO, for 1 hour, 2 hours, 4 hours, 8 hours and 12 hours. These proteins were 
separated by SDS PAGE and probed with an antibody (ROC1) raised against the A. 
thaliana cytosolic cyclophilin (Fig. 5.5). The antibody bound a polypeptide around 
20 kDa. The figure shows that there is a distinct increase in the abundance of the 
protein as cells adapt to low CO, for 4 hours. The peak amount is reached at about 4 
hours after which there is a decline in the amount of protein. The figure shows that the 
increased accumulation of the protein in these lanes corresponds to the increased 
abundance o f the transcript seen in the northern blots.
DISCUSSION
Here I report the identification of a cyclophilin cDNA from C. reinhardtii for 
the first time. Cyclophilins belong to a family of immunophilins identified in a 
number of plants and animals. Cyclophilins are proteins that have been described 
rather extensively in a number of these species, but the physiological role of these 
proteins is still uncertain. These proteins have been shown to have strong cis /  trans 
peptidy! prolyl isomerase activity using purified proteins and synthetic peptides













Figure 5.4 W estern blot analysis of pCyP. The high C 02 grown cells were switched 
to low C 02 conditions at 0 hours (C). Protein extract from 1 hour, 2 hour, 4 hour, 8 
hour and 12 hour low C 0 2 adapted cells (A) was separated by SDS-PAGE and blotted 
onto a nitrocellulose membrane. Each lane has 25pg protein loaded in the following 
order: lane 1 (0), lane 2 (1 hr), lane 3 ( 2  hrs), lane 4 (4 hrs), lane 5 (8 hrs) and lane 6 
(12 hrs). This membrane was then probed with the A. thaliana ROC 1 antibody.
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Figure 5.5 Increase in mRNA abundance of pCyP when cells adapt to low C 0 2.
The high C 02 grown cells were switched to low C02 conditions at 0 hours (C). Total 
RNA isolated from 0.5 hours, 1 hours, 2 hours, 4 hours, 6 hours and 10 hours low C 02 
adapted cells (A) was blotted onto a nitrocellulose membrane and then probed with 3:P 
labeled insert of the 26 12 cDNA.
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containing prolines. Cyclophilins have been shown to respond to the developmental 
stage (Marivet et al., 1995), stress responses like changes in light (Luan et al., 1994), 
and temperature (Luan et al., 1994). Several roles have been proposed for these 
proteins, of which a chaperone-like role in protein folding is the most widely 
suggested.
The northern blot analyses and the western blot show that the synthesis and 
amount of this message and the protein in C. reinhardtii responds to differential CO: 
concentrations. The homology search and the multiple sequence analysis show that 
this is a cytosolic cyclophilin, which is also confirmed by the presence of the seven 
amino acid sequence, XSGKPLHX, characteristic of all known plant cytosolic 
cyclophilins. The differential response might be a generic stress response.
Cyclophilin has been shown to facilitate the formation of the correct prolyl 
peptide bonds in human CA II. Kern et al. (1995) showed that a cyclophilin catalyzes 
the folding of this CA in vitro. Human CA II contains 17 proline residues and some of 
these residues are conserved in CAII from other organisms. Crystallographic studies 
of human CAII have shown that residues 20 and 203 are in the cis configuration. 
Reconstitution of the active form of this enzyme demands correct configuration of 
these prolines. Based on this in vitro analysis, the possible role played by cyclophilins 
in C. reinhardtii may be speculated. It has been shown that one of the more 
significant changes seen during the adaptation to low CO, conditions in C. reinhardtii, 
is the induction and upregulation of several new polypeptides. The establishment of 
the CCM probably requires these newly synthesized proteins to be properly folded and 
oriented. Cyclophilins may play a role in facilitating the folding of some of these new 
polypeptides. Increased amounts of cyclophilin might be necessary to meet the 
increased demands on the chaperone activity brought about by the increase in the 
substrate concentrations. All these suggested roles are based on the in vitro analyses,
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and need to be confirmed by physiological studies using inhibitors such as 
Cyclosporin A (CsA).
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CHAPTER 6 
CONCLUSIONS
Since Chlamydomonas reinhardtii has been shown to possess a CCM (Berry et 
al., 1976; Badger et al., 1980), there has been steady, albeit slow, progress towards the 
understanding of this mechanism. Despite thorough physiological analyses, 
characterization of the mechanism remains incomplete since not all of the components 
have been identified. The primary goal of my work was to identify the genes and 
proteins which show changes that can be correlated to the physiological changes seen 
in C. reinhardtii during adaptation to low CO, environment. The cDNA library made 
from mRNA of low CO, adapted cells was differentially screened and several low CO, 
inducible cDNAs were selected for characterization.
The sequences of the first cDNAs that I cloned and characterized to show a 
differential response to CO, aligned with the two P CAs independently identified by 
Eriksson et al., 1996. These p CAs have been localized to the mitochondria (Eriksson 
et al., 1996). It has been postulated that mitochondrial P CAs play a role in the efflux 
of the CO, produced during photorespiration (Eriksson et al., 1996). It has been 
shown that CO, inhibits mitochondrial respiration (Gonzalez-Meler et al., 1996). 
Hence these mitochondrial CAs might be required for efflux of CO, out of the 
mitochondria. It has also been suggested that the P CAs may play a role in stabilizing 
pH. The formation of NH4\  which comes from the NH3 released during 
photorespiration, depletes the matrix of H". The uncatalyzed hydration cannot balance 
this H" uptake, resulting in the alkanlinization of the mitochondrial matrix. The
98
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activity of a CA in the matrix would increase the rate of hydration and result in the 
stabilization of mitochondrial pH.
I have identified a novel cDNA, 34 I 17, that has been completely sequenced 
(Fig. 3.5). This cDNA has been designated Lei 3 (low CO, inducible) based on its 
upregulation in low CO, conditions. The cDNA of clone 34 I 17 is 870 bp with an 
ORF coding for a protein o f 117 amino acids. Database searches for protein motifs 
did not show significant homology. Analysis of the expression of Lei 3 (Fig.3.6) 
shows that the transcript shows a four-fold increase in transcripts on switching to low 
CO, conditions. The increase in the accumulation of the transcript up to 10 hours 
suggests that this gene might play an important role in the establishment and 
maintenance of the CCM. A possible approach to identify the role of this novel 
protein, Lei 3, may be to inactivate it through mutagenesis or by using it to 
complement any known high CO, requiring mutants.
Another cDNA clone, 49 I 10, also was highly inducible under low CO,. 
Based on the sequence and homology searches, the cDNA 49 I 10 has been identified 
as an omega 6 desaturase (Sato et al., 1998). This is the first report of a CO, response 
for this gene. Some of the low CO, inducible proteins seem to be associated with 
membranes. This implies that the establishment of a CCM involves significant 
rearrangements in the existing membranes. Since a number of integral membrane 
proteins are made during adaptation to low CO,, some internal membranes might 
require more fluidity. This increased requirement for the introduction of unsaturation 
in the membranes may necessitate increased transcription o f omega 6 desaturase.
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One of the cDNA clones, 17 11, that is upregulated under low CO, conditions 
has been identified as a polypeptide associated with PS I (PsaE). This is the first 
report of a low C 0 2 response for PsaE in any organism. This protein may play a role 
in supplying the energy for the CCM along with LHC proteins. One o f the major 
classes of proteins that I have shown to be upregulated in low CO, conditions are the 
chlorophyll a/b binding (Cab) proteins or the light harvesting complex proteins 
(Imbault et al., 1988; Hwang and Herrin, 1993). In the screening of the library I have 
identified four LHC proteins that are upregulated under low CO, conditions. Only one 
LHC I cDNA (Hwang and Herrin, 1993) and one LHC II gene (Imbault et al., 1988) 
have been identified previously. In all I have identified cDNAs encoding three new 
LHCs in C. reinhardtii and for the first time showed they respond to differences in 
C02 concentrations.
Different CCM models assume that the process requires energy for the 
transport of C 02 or HC03' and IT. Using the following assumptions: a) about 3 to 3.5 
H* are required for the conversion of HC03‘ to C 02 in the pyrenoid (Fridlyand, 1997); 
b) the ratio of sum of active HC03' transport rates to CO, assimilation rates vary 
between 2 and 5 (Fridlyand, 1997); and c) one H* translocated for each HC03 
molecule transported across the membrane (Grassl, 1991); it can be calculated that 
HC03' transport requires 1-2 additional ATP for every CO, assimilated. It nas been 
shown that 3 to 4 H* are required for the generation of one ATP molecule (van 
Walraven and Bakels, 1996) and 3 H* are accumulated in the thylakoids for every 2 
quanta absorbed (Rich, 1988). From this information, it can be estimated that 2 to 5.5
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additional quanta would be required to produce the 1 to 2 extra ATP necessary for 
HC03 transport (Burger et al., 1988), and about 2 quanta for CO, evolution in the 
pyrenoid.
Based on the above assumptions, it can be calculated that operation of the CO, 
concentrating mechanism requires 3 to 6 additional quanta for each CO, assimilated. 
This increased energy requirement correlates well with the increased energy 
requirement observed in C4 plants. The increase in the message of the LHC transcripts 
might be related to this demand for increased light harvesting. Thus the increased 
abundance o f the LHC proteins facilitates an increase in light harvesting capacity, 
which may provide the additional ATP and H+ required for the C( transport and 
assimilation.
A second possibility is that the increase in the LHC transcripts is in response to 
photodamage. When cells are switched from high CO, to low CO,, there is a loss of 
the electron acceptor CO,. During adaptation to low CO, it is likely that cells are 
experiencing some photodamage as the light level remains constant while CO, levels 
decrease. It is possible that the increase in the transcript is part o f the adjustment to 
the new conditions.
Clone 26 I 2 has been identified as a cyclophilin gene, a cis /  trans prolyl 
isomerase. Cyclophilins have been identified in humans, fava bean, rice, A. thaliana, 
and nematodes (Luan et al., 1994; Buchholz et al., 1994; Lippuner et al., 1994; 
Marivet et al., 1994). The plant cyclophilins have been suggested to play roles in 
stress and developmental responses, to act as chaperones and as cis/trans prolyl
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isomerases. Evidence from in vitro experiments investigating the kinetics of unfolding 
and refolding of human carbonic anhydrase II (HCAJI) showed that cyclophilin 
catalyzes the rapid cis/trans equilibration of accessible prolyl peptide bonds (Kem et 
al., 1995). Possibly C. reinhardtii requires a cyclophilin for some of the newly 
synthesized low CO, inducible polypeptides to be active in the cell. However as yet 
there is no physiological evidence for such a role for cyclophilin. Based on this a role 
as a general stress response protein cannot be discounted for this cyclophilin.
The screening o f the cDNA library has so far facilitated the identification of 
thirteen cDNAs (Table l . l  and Table 3.1) that respond to CO, concentration. Of 
these, only the cDNAs that encode CA 1 (Fukuzawa et al., 1990), Ala AT (Chen et al., 
1996), p CA 1 and p CA 2 (Eriksson et al., 1996) and LIP-36 (Chen et al., 1997) have 
been thoroughly characterized. Further investigation o f the selected cDNAs is 
required to identify which of these play primary role and which play secondary role in 
the CCM. None of the characterized genes have been shown to be in the CO, / HC03 
transporter or signal cascade component families. Based on this fact, I speculate that 
there are other cDNAs, which encode proteins that play important roles in the CCM, 
that have not been identified. This suggests that there still might be other low CO; 
inducible genes and additional screening of the cDNA library should provide an 
excellent approach for the identification of these genes.
Of the many cDNAs upregulated in low CO, conditions that have been cloned 
and identified four cDNAs, Lei 1, Lei 2, Lei 3 and Lei 5, do not show homology to any 
known sequences in the databases. Characterization of these cDNAs would throw
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more light on our understanding of this mechanism. In the absence of homologous 
recombination in the C. reinhardtii genome, efforts to reduce the expression of these 
genes, such as antisense expression and co-suppression by increasing the copy number 
of these genes are approaches that might be explored. Complementation of mutants 
such as cia 5 utilizing the available genomic libraries is one method of identifying the 
lesion in this mutant. Identification of the disrupted gene or protein in the mutant 
Cia 5 may throw additional light to the nature of this mechanism. Efforts are already 
underway to specifically study the nature of promoters that regulate expression of the 
external CA. Variations in the available nuclear transformation strategies may also 
help to identify signal transduction components. Identification of the signal 
recognition mechanism would reveal the nature of CO, stress. These approaches, 
coupled with systematic characterization of the remaining low CO, inducible clones 
from the cDNA library suggests that the characterization o f the way in which
C. reinhardtii. concentrates CO, would be more complete in the next few years.
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